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Research and Development of Low Noise, High Sensitivity Imaging with 
Charge Coupled Devices 
Abstract 
High signal-to-noise ratio imaging has attained with charge-coupled 
device (CCD) by incorporating following new technologies: 
(1) A unique reset transistor derives low noise charge detection. The 
transistor reduces reset noise drastically by forming potential gradient in the 
channel with a unique channel pattern. 
(2) Low noise metal-oxide-semiconductor (MOS) amplifier is developed from 
investigation of buried channel MOS transistors. Not only to attain buried 
channel mode but also to avoid weak inversion region, quite low noise 
operation is acquired. 
(3) Noise reduction technique is invented by introducing an integration circuit 
to correlated double sampling (CDS) method. This technique reduces high 
frequency noise that is a weak point of the CDS method, because the CDS 
method turns it to low frequency noise that is more harmful for imaging. 
(4) Simple optimization method of vertical overflow drain (VOD) structure has 
been derived from investigation of physical analysis of VOD current, and high 
sensitive CCD image sensor is attained from the work. 
The only one weak point of CCD imaging device is that the CCD 
imagers need high and many voltage sources for driving them, but it is 
overcome from the following methods. 
(5) A unique technology is introduced that enables 5V single power supply for 
driving the CCD. 
(6) A unique vertical structure below the photodiode has been attained. This 
structure reduces VOD voltage drastically and enables smaller pixel size that 
brings high resolution CCDs in small optical format. 
By adopting those new technologies, the CCD imagers have attained 
to nearly ideal imagers. 
1 
1. Introduction 
Image sensing devices transform spatial linear or area images into 
sequential electric signals in time domain. Solid-state image sensors have 
been developed widely from 1960's, because they have such many advantages 
over electron beam scanned camera tubes as small size, low powE~r 
consumption, immunity from shocks and electro-magnetic field, and their 
potential reliability and long life. 
The solid-state image sensor receives an external image on an array of 
picture elements (=pixels), and each pixel converts incoming photons to signal 
charges, which are stored for a certain period. Each signal charge packet is 
amplified in current domain and read out sequentially, then constructs image 
signals. The solid-state image sensors therefore need next three functions; 
(1) photoelectric conversion and storage at each pixel, 
(2) readout of pixel signals, and 
(3) amplification of signals. 
Combination of those functions leads to next some kinds of solid-state 
Imagers. 
1. Direct readout imagers 
2. Active pixel imagers 
Metal-Oxide-Semiconductor (MOS) imager 
Charge Injection Device (CID) imager 
Charge-Coupled Device (CCD) imager 
Bipolar-type 
MOS-type 
Static Induction Transistor (SIT)-type 
The direct readout imagers read signal charge packets directly from 
pixels and amplify them at the output portion. On the other hand, the active 
pixel imagers amplify each signal charge at the pixel portion, then readout the 
amplified signals. 
2 
The MOS imager [1] shown in Fig.1 adopts a MOS transistor in each 
pixel, whose source is floating and functions as a photodiode. Photons incident 
on the photodiode generate signal carriers. Packets of signal carriers stored in 
the photodiodes are selected and readout sequentially by MOS switches that 
are addressed by vertical and horizontal scanning circuits on the chip. In spite 
of this simple structure, the MOS imager has large output capacitance for 
signal charges as column lines, and that seriously degrades achievable 
signal-to-noise ratio of the imager. The first commercial use of solid-state 
imagers for Video Tape Recorder (VTR) camera was attained by MOS imagers 
[2], but now those have been replaced by CCD imagers because of above 
disadvantages. 
The CID imager [3] shown in Fig.2 adopts a MOS diode and a MOS gate 
in each pixel. Signal charge packets that are generated from incident photons 
are stored in the MOS diodes and sequentially injected into substrate as the 
minority carriers by using vertical and horizontal scanning circuits. The 
injected carriers generate recombination current flowing in the substrate and 
it becomes output signal. The CID imager also has large output capacitance 
which lead to low signal-to-noise ratio, and the slow recombination process 
(typically tens of micro-seconds) limits fast readout. 
The CCD imager shown in Fig.3 adopts a photodiode or aMOS diode in 
each pixel, and signal charge packets generated from incident photons at the 
diodes are simultaneously shifted to vertical CCD channels by shift gates and 
sequentially transferred to an output portion through vertical and horizontal 
CCD channels. Since the output portion has very low capacitance, signal 
charge packets transferred from the diodes are converted to voltage signals 
with high gain and extremely low noise. From the advent of the CCD [4], CCD 
imagers have replaced all preceding solid-state imagers because of this 
excellently high signal-to-noise ratio. 
In active pixel sensor (APS) type imagers shown inFig.4, signal charge 
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packet generated by photons at the diode is amplified at each pixel and 
readout by vertical and horizontal scanning circuits. Amplification of image 
signals at pixel portions is done by transistors such as bipolar type, MOS type, 
or SIT type. The first proposal of the APS type of imagers was phototransistor 
imagers [5] which adopted a bipolar transistor in a pixel. Photo-current which 
is equal to base current is transferred to collector current by amplifying h FE 
and the collector current in the pixel is readout sequentially. Other type of 
APS imagers were proposed [6] which uses several MOS transistors in each 
pixel for amplifying the photodiode signal, resetting the photodiode, and 
selecting the pixel to read. 
The APS imagers diminish equivalent output capacitance to 1/A, whE~re 
A is the amplification of the pixel, and hence the readout noise becornes 
negligible. The APS imagers, however, introduce another fatal problerns, 
namely the random fluctuation of amplification and offset level at each pixel 
lead to the fixed pattern noise (FPN). Nevertheless, the development of APS 
imagers are restored recently [7], not in the high picture quality use but in the 
low power, low cost, and special function (such as random access) uses. 
[Aims of this thesis] 
In addition to the best promising position in principle, the CCD imager 
has won the highest quality imager by introducing many technologies. This 
thesis describes the new methods to enhance the signal-to-noise ratio in CCD 
imagers: 
(1) low noise charge detection using a unique reset transistor, 
(2) low noise amplifier derived from investigation of buried channel M:OS 
transistors, and 
(3) noise reduction technique by introducing an integration circuit. 
Other low noise techniques are also described with original investigations. 
High sensitivity and high resolution are other important characteristics 
for high performance imagers. Vertical overflow drain (VOD) structure [8] in 
photodiodes has brought high sensitivity. This thesis describes a simple 
optimizing method of VOD derived from investigation of physical analysis of 
VOD structures. Some other analyses for enhancing the sensitivity and 
improving the resolution are also described. 
Ideal imagers only have shot noise that originates from fluctuation of 
incoming photons and is unavoidable. By adopting those new technologies, the 
CCD imagers have attained to nearly ideal imagers. 
In spite of the high performance, the CCD imagers need high and many 
voltage sources for driving them, that is a weak point of the CCD images in 
consumer applications [9]. This thesis also describes a unique technology that 
enables 5V single power supply for driving the CCD. 
2. Review of CCD image sensors 
2-1. Principle of the CCD 
In a MOS structure shown in Fig. 5, a depletion area is generated in 
the semiconductor substrate by applying a voltage V G on the metal electrode. 
The depletion area forms space charge region and it generates potential well. 
This potential distribution</> (x) is expressed by solving Poisson's equation: 
_1._~ (x)=- p (x) 
~ KsE0 
(2-1) 
where P (x) is the charge density in the space, Ks is the dielectric constant of 
semiconductor and Eo is the permittivity in vacuum. In the depletion region, 
electron and hole concentration is negligibly small compared to donor or 
acceptor concentration. Therefore we can assume: 
P (x) =- qN{x) (2-2) 
where N(x) is the donor or acceptor impurity concentration. We call this 
depletion approximation. 
If signal charge is introduced in this well, the charge is stored in the 
potential bottom of the well. The space charge region IS not stable but 
modified by excess charge generated in the region or diffused from peripheral 
neutral region, which is called "dark current". This dark current contaminates 
the signal charge. 
When conductivity type of semiconductor is single from a surface to a 
substrate, potential bottom is formed in the surface because p (x) has single 
polarity and <!> (x) changes monotonously. This we call "surface type". By 
introducing to the surface an ion-implanted layer, which has opposite polarity 
to that of the semiconductor body, potential bottom is shifted from the surface 
into the bulk because polarity of p (x) is changed from the bulk to the surface, 
therefore<!> (x) normally forms potential minimum point in the surface layer. 
This we call "buried type". Fig. 6(a) and (b) shows surface and buried types 
respectively. 
The concept of the CCD described and demonstrated by Boyle and 
Smith [4], is that closely spaced MOS capacitors on an isolated surface of a 
semiconductor can serve to store and transfer electrical charge, which is 
shown in Fig. 7. These capacitors generate a depletion area in the 
semiconductor substrate by applying a pulsed voltage. The depletion area 
forms space charge region, and it generates moving potential wells in the 
semiconductor substrate when the electrodes are pulsed in the proper 
sequence. These potential wells are called "channel" and if charge packets are 
introduced in the channel by such a method as optical generation shown in 
Fig. 7, the packets are stored and moved in the channel in accordance with 
the moving potential wells. Consequently, the packets is transferred in the 
CCD channel and finally detected at the output portion. Because dark current 
generates excess charge in the depletion area, the CCD essentially relates to a 
non -equilibrium state. 
If charge transfer is incomplete, signal charge remains in the transfer 
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channel. The main causes of this transfer loss are surface states and bulk trap 
states. Recent CCD, however, adopts buried channel that creates the channel 
in semiconductor bulk, and the signal charges are not affected from the 
surface states. Bulk traps are originated from crystal imperfection and 
impurities. The other cause of contamination of the signal charge in CCD 
channel is dark current mentioned above, which is also generated by crystal 
imperfection and impurities. But silicon-processing technology has made 
tremendous stride over past 30 years; therefore, bulk traps and dark current 
are now negligible. 
Signal charges in the buried channel are almost perfectly transferred 
and the generation of excess charge is drastically reduced. As a result, almost 
pure signal charges are transferred to the output portion and detected with a 
very low noise and high gain amplifier. 
2-2. Application 
CCD is one of charge transfer devices that move quantities of electrical 
charge in a controlled manner across a semi-conductor substrate by applying a 
proper sequence of clock pulses. Consequently, the fundamental functions of 
the CCD are that (1) it deals with discrete analog signal as charge packet, and 
(2) it delays analog signal preciously to control the transfer clocks. Using this 
basic mechanism, the CCD can perform a wide range of electronic functions as 
i ) signal processing : delaying and adding the discrete signal chain makes 
possible the signal processing such as filtering in analog domain, 
ii) memory : looping the CCD delay line and circulating the signal chain 
constructs memory, and 
iii) image sensor : combining many photo-electric conversion elements with 
CCD delay lines makes image sensor which outputs each element signal 
sequentially and constructs an image signal. 
Applying CCD for signal processing and memory had been discontinued 
7 
because those fields are easy to construct with digital circuit and the progress 
of digital circuit have been more steep, therefore, digital devices have taken 
over the potential CCD applications of signal processing and memory. 
In image sensor, however, incident photo-signal is essentially analog. 
Digital circuit is very difficult to apply in this field. CCD is quite suitable to 
apply to the image sensor because it deals with discrete analog signal and it 
has very low noise. In CCD image sensor, charges are generated by incident 
photons at picture elements, and the CCD channel can transfer image signal 
packets to a low noise detector, which means a nearly ideal image sensor. As 
the results, CCD remains dominant for imaging applications. 
2-3. Contribution to science 
This best promising characteristic of CCD for image sensing contributes 
to science development. For ultra -low light level imaging, long time exposure 
is useful to increase signal charge hence high signal to noise ratio. In norrnal 
temperature condition, dark current that generates undesirable charg:es 
proportional to exposure time contaminates signal charges. But when the 
CCD imager is cooled more than several tens of degree from the room 
temperature, the dark current is drastically reduced. The experimental 
results of the temperature dependence of dark current will be shown later. 
This "cooled CCD" [10] attains quite sensitive imaging, and moreover matrix 
array of picture elements makes easy to digitize the image signal, therefore, it 
replaces the film for astronomical telescope application now [11]. 
The cooled CCD has been used for other scientific applications 1n 
ultra-low light level analysis, such as biological luminescence and light 
emission caused by hot carriers in semiconductor [12]. 
The CCD imager can respond not only to visible light but also to other 
spectral region. The CCD imager on Hubble Space Telescope uses fluorescent 
film on sensing layer to acquire ultra -violet sensitivity, and it has a spectral 
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response from 115 nm ultra-violet to 1100 nm infra-red light [13]. Some other 
CCDs use Schottky junction and acquire far infrared light sensitivity such as 
5 Jl m [14]; those devices are used for capturing human heat image. On the 
other hand, the CCD directly responds to X-ray light [15]. Japanese X-ray 
astronomical satellite ASCA uses the X-ray CCD [16]. 
2-4. Organization of CCD image sensor 
The array formats of CCD area image sensors are typically "frame 
transfer type" and "interline transfer type", which are shown in Fig. 8. 
Although the frame transfer type has relatively simple architecture, it has 
two weak points. One is less blue sensitivity caused by overlaying 
semi-transparent polysilicon gates on photosensitive area, and the other is 
large smear signal because the non-shielded transfer channel causes 
unexpected signals when image signals are transferred from imaging area to 
storage area in short time. Since the most modern CCD area image sensors 
are interline transfer type, we discuss here this type. 
3. Noise in CCD's 
As discussed above, the CCD has been best promised for imaging 
application, but those have been realized with many technological 
improve-ment. The most important issue is the noise improvement. Here we 
discuss the origin of the noise in the CCD. 
The noise sources of the CCD imagers are classified : 
1. photosensing noise, which are • shot noise, 
• generation-recombination noise, and 
· photoresponse non -uniformity noise; 
2. transfer noise, which are · trap noise, 
· transfer loss noise, and 
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• generation-recombination noise; 
3. detect and output noise, which are • reset noise, 
· excess kTC noise, and 
• source-follower noise; 
4. external circuit noise, which are • noise reduction circuit noise, and 
• signal processing circuit noise. 
3-1. Photosensing Noise 
Shot Noise. The photosensing process brings twofold random process. 
One is the fluctuation of photons that enter each pixel because whether any 
photon arrives at specific pixel and in specific period is a fully stochastic 
process. The other is the randomness of photoelectric conversion process (this 
conversion efficiency is called the quantum efficiency) because whether any 
photon is converted to an electron-hole pair is also a random process. (There 
has been no such a discussion as the two distinguished origins of the 
photo-sensing noise in solid-state imagers.) As the results, the number of 
signal electrons generated from photons at any pixel agrees with the Poisson's 
distribution function. Since the standard deviation is equal to the root of mean 
for the Poisson distribution, 
(mphotod = -i(nphoto) (3-1) 
where mphoton is the noise associated with optical generation in terms of 
electrons. This noise is called shot noise [17]. The frequency spectrum of the 
shot noise is white and distributes from - fN to +fN from the Shannon's 
sampling theorem, where fN is the Nyquist frequency and equals to a half of 
clock frequency (fc). 
Generation-Recombination (GR) Noise. In photosensing operation, 
each photodiode or MOS diode of the pixel is in deep depletion and thermally 
generated carriers also stored even in the dark condition. The generation of 
those carriers is usually called dark current. The origins of the dark curn~nt 
are (1) generation-recombination through impurity states in the bulk inside 
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the depletion region, (2) diffusion current at the edge of the depletion region, 
and (3) surface generation current. 
As present CCD imagers adopt buried photodiodes [18], which is shown 
in Fig. 9, the surface states are occupied with high concentration holes and 
become inactive. This technology reduces total dark current by one order. 
Furthermore, the structure of the photodiode in recent CCD 1mager is the 
VOD type, which is also shown in Fig. 9, p-layer below the photodiode 1s 
completely depleted, then the diffusion current from the neutral region 1s 
neglected. Finally, only the bulk generation through the bulk impurity states 
remains in the photodiode area. 
The theory of the generation-recombination process, which takes place 
through the action of intermediate energy-level centers, has been worked out 
by Hall [19], Shockley and Read [20]. From this theory, the dark current 
generated from the bulk GR-centers J0 R can be written as next first equation 
[21], and we rewrite this equation approximately as the second equation 
Eg 12 + m I tJE / ) 
<X Nt. exp(- kT (3-2) 
where n 1 is the intrinsic earner concentration, r0 is the effective life time 
within a depletion region, x d is the width of the depletion region, N t is the 
number of traps per unit volume, Eg is the energy band gap of the 
semi-conductor, tJE is the energy difference between the trap level and the 
intrinsic Fermi level, and k is the Boltzmann's constant. m is the constant 
which is about 1 if I tJE I /k T> 1 and below 1 if I tJE I /k T< 1 . The 
second equation shows that the temperature dependence of the dark current 
depends on the energy level of the trap states and the states of near the 
mid-gap cause the major contribution to the dark current. 
Because the generation process of the dark current is random one, the 
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number of carriers (n d) generated by the dark current is also described by the 
Poisson's probability distribution, then the root-mean-square (rms) noise 
described as ;-n dis generated. This noise is time dependent random noise in 
each pixel. On the other hand, time-averaged pixel dark current <n d > has 
non-uniformity from pixel to pixel, and it brings fixed pattern noise in the 
dark. The "hot" pixels with higher generation rate become white defects, 
which degrade picture quality seriously. 
Fig. 10 shows measured temperature dependence of the dark current at 
the white defect points . As E /2 is about 0.56e V in silicon, values of tJ.E are 
distribute from 0 to 0.06e V. This result suggests the origin of the trap states 
to be heavy metal like Fe [22]. 
Photoresponse non-uniformity noise. The sensitivity of each pixel is not 
equal to one another because of (1) non-uniformity of effective photosensing 
area, (2) non-uniformity of effective photosensing depth, (3) non-uniformity of 
interference caused by coating layers on the photodiodes, and recently (4) 
non-uniformity of condensing rate of the microlenses over the photodiodes. 
That non-uniformity causes the fixed pattern noise and degrades the picture 
quality. The total rms value tJ.R of that non-uniformity varies linearly with 
the response R, therefore, signal-to-noise ratio R /tJ.R becomes constant at 
any intensity of light below the saturation of R. 
3-2. Transfer Noise 
Trap Noise. Present CCD imagers adopt the buried CCD channels and 
the signal charges are not affected from the surface states. The gettering and 
the ultra-clean technologies on IC fabrication processes bring almost no bulk 
impurity state in CCD channels. As a result, the trap noise is negligiblE~ in 
practical CCD imagers. But at some conditions the signal charges reach at the 
surface, then large transfer loss and surface trap noise are caused. The 
occurrence point of this condition is called the surface limit and the measured 
12 
result is shown in Fig. 11 [23]. The surface limit depends on the potential 
difference .LJ<t> 8 between surface potential and signal potential in the channel. 
(See Fig.6.(b)) As Poisson distribution function is a good expression of signal 
charge in room temperature, surface trapping exceeds transfer loss E when 
exp(- .LJ<t>/(kT/q))> E ·.lo-s, namely .LJ</> 8 <10· kT/q. 
Transfer Loss Noise. If the transfer inefficiency E is independent of 
the amount of charge, the fluctuations a~ each transfer will be independent of 
one another and the mean-squared fluctuations will add. Thus total transfer 
loss fluctuations tJ.fltr are given by [17] 
(3-3) 
where E is the fractional loss per transfer, Ntr is the number of transfer, 
and nsig is the number of signal carriers per charge packet. The value of E 
in recent CCD imagers is less than 1 X 10-5 [23] and Ntr is about 1 X 10 3 , 
hence (tJ.ntr) / /(nsig) < 0.14 
which is about 117 of optical shot noise and is negligible. 
Generation-Recombination Noise. Even in buried channel CCD's, the 
Si/Si02 interface is depleted and the generation-recombination process 
through the surface states generates the dark current noise. This dark 
current, however, can be reduced dramatically by occupying the surface states 
with holes. In Fig. 12, when gate voltage Vc is lowered to Vg(L), the surface 
potential ¢ 8 reaches to p·substrate or p+ channel-stop potential (OV) and a 
number of holes are injected to the surface. Thus the surface states are 
occupied and inactivated by holes, and the dark current originated from the 
surface is reduced finally. This technique of driving is called the pinning 
method. Fig. 13 [24] shows this result where Vg(L) is about - 8V. 
In Fig. 13, the gate voltage is not necessarily kept the value Vg(L) for 
reducing the dark current, because of the next reason. When carriers reach 
the surface states, those states are occupied in a very short time Cless than 
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1ns) [25]. Then the trapped carriers are emitted with a whole spectrum of 
much slower time constants. Those emission time constants are estimated as 
follows. We assume that all the surface states are filled with carriers and that 
the surface states start to emit carriers at t =0. The carrier emission for t > 
0 from a given surface state located at energy E from the band edge is 
described [26] : 
(3-4) 
where D 55 is the number of trapped carriers, vth is the thermal velocity, (J n 
is the capture cross-section of carriers, Nc is the density of states in the band 
under consideration, and E is the energy of the state relative to the nearest 
band edge. Then the number of carriers that remain trapped at the surface 
states after a time period t decreases exponentially with a time constant r·e : 
r e (E)= [vth (Jn Nc exp{- E/kT)} 1 . (3-5) 
This equation shows that the value of the time constant r e distributes from 
r 0=(vth(JnNcT 1 at the band edge to 3X Irlr 0 at the mid-gap, because Eg 
/ 2kT ·. 22 at room temperature. We estimate the time constant r8 
experimentally. A series of signal charge packets of magnitude ONE, 
separated by nz empty packets (magnitude ZERO), are being shifted in the 
surface channel CCD. When the charge loss from a leading charge packet of 
ONE's is measured as 8 , 8 equals the total emitted carriers in the n zT 
period (T= life; fc is the transfer clock frequency), then the increment of 8 
between Dz(l) to Dz(2) indicates the surface state density whose time constant 
is near IIz(l)T and Dz{2)T. Accordingly, if the value of 8 saturates at n 
z(m), r e of the midband surface state nearly equals to nz(m)T. Fig. 14 shows 
experimental results between 8 and pnz + 1, where p is the number of phase. 
From the figure, we obtain r e (midband)·. 1 Oms. This result agrees with the 
previous report [25]. 
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As discussed in eq. (3-2), the midband states most contribute to the 
dark current. If the midband surface states are filled with carriers at the 
period shorter than 1 ms, more than 90% of the midband states are occupied 
at all times. From this reason, if clock frequency is higher than 1 kHz 1n 
Fig.13, that condition is quite easy to realize, the dark current is reduced. 
Surface state density Nss can be estimated from the Fig.14. The 
relation between 8 and nz are expressed as[27], 
c5 =Aj(FN55 ln (pnz + I) (3-6) 
where As is the area of the interface swept by the charge packet in total 
transfer, and is 4.9 X 10-3 cm2 in Fig.14. From eq.(3-6), Nss is calculated as 2.6 
x 1010 cm-2ev-l. 
3-3. Detection and Output Noise 
In image sensors, the incident light flux and the integration time give 
the number of signal carriers. In low light level condition, the photo-generated 
noise decreases as the square root of the signal carriers. Buried channel 
devices, when suitably designed, add only little transfer noise and the dark 
current noise can be reduced by adopting the buried photodiode and the 
pinning method for driving the CCD as mentioned above. The ultimate noise 
limitation will then be given by the detector [27]. 
The charge detector for CCD needs to satisfy (1) low noise, (2) high gain, 
(3) good linearity, (4) wide dynamic range, and (5) high-speed operation. There 
are many types of detectors but the most successful and the most popular one 
is the floating diode amplifier (FDA) detector [28]. 
Fig.15 shows the typical FDA detector. In this output scheme, node N is 
preset to the d.c. voltage applied to the reset drain (RD) by turning the reset 
transistor on with a positive pulse ( 4> r) applied to the gate. The reset 
transistor 1s then turned off and the signal charge is dumped to the 
capacitance of node N when 4>2 goes low. The voltage variation of node N is 
then detected at the source (OS) of the amplifier MOS transistor, which is 
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operated in the source-follower configuration. The voltage variation 6.VN of 
node N is related to the CCD charge Qsig by : 
(3-7) 
where CN is the capacitance of node N, and the definitions of several kind of 
capacitance are shown in Fig.15. As the floating diode is fully reverse-biased 
by reset drain, the junction capacitance CJ is almost constant at any practical 
value of Qsig· The source/gate capacitance C1 and C2 , gate capacitance Cg and 
stray capacitance Cs are also constant, then the linearity of charge-voltage 
conversion is well maintained. To attain this conversion gain high, CN is 
generally designed as small as possible. 
A gate to drain capacitance in the amplifier MOS transistor is 
negligible because the transistor is operated in saturation mode. The 
capacitance c2 positively feeds back the output signal; therefore, it rises the 
gain of output signal. But the time constant ~ A of this feedback loop is 
enlarged compared to the time constant ~ 0 of non-feedback loop [29]; 
1 
where G is the gain when there is no positive feed-back, eN and c2 is the same 
definition at eq. (3-7), gm is the transconductance of transistor T 2, and Cr.. is 
the load capacitance of signal OS. Equation (3-8) shows that large C2 brings 
large time constant and makes difficult to drive fast. We should design the 
value C2 as small as possible. 
When reset transistor T 1 is on, node N is shorted to DC power supply 
RD and capacitances CN and C2 are neglected, then time constant becomes r 0. 
It means that the difference of time constant between reset-on and reset-off 
becomes large when C2 is large. This result is important for the CDS 
technique mentioned later. 
Reset (kTC) Noise. The FDA detector introduces noise to the output 
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terminal due to the switching of reset transistor and the amplifier transistor 
characteristics. The thermal noise of the reset MOS transistor introduces kTC 
noise to node N [17] so that the variance of voltage at node N when expressed 
in terms of noise electrons is 
1 (m) = q~(kTC~. (3-9) 
Spatter Noise. If the reset transistor turned on strongly, carriers are 
stored under the reset gate and the uncontrollable portion of these carriers 
flows back to node N when the transistor turned off [30]. We introduce the 
method to reduce this excess kTC noise, which we call the spatter noise. 
Fig. 16 (a) shows the new reset gate structure [31] with schematic 
potential profile of the gate. The channel width of the gate is narrow enough 
to cause the narrow-channel effect and gradually enlarged to the reset drain 
(RD); then the potential of the gate is deepened toward the reset drain by the 
narrow-channel effect. If the channel width is enlarged from 4J.L.m to 10J.Lm then 
the channel potential is deepened by 2.0 V from the experiment which is 
shown in Fig. 16 (b). Consequently, the charge under the reset gate flows to 
the reset drain and the spatter noise is reduced. Introducing this circuit and 
the conventional circuit to the CCD signal processing IC's [31], in which the 
signal charge is inputted by electrically, the total noise of those devices is 
measured and shown in Fig. 17. The noise improvement effect of the new 
reset gate structure is about 4dB and nearly independent of signal electrons. 
The reason is considered that the channel under the reset gate is always filled 
with charge when the gate turns on. 
The structure shown in Fig. 16 (a) brings another advantage of 
reducing the capacitance CN because it enables small size of diffusion area. 
Therefore, the kTC noise itself is reduced and the gain of charge-voltage 
conversion is also raised. From this reason, recent CCD's are almost adopting 
this structure. 
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Source Follower Noise. The input referred no1se voltage in t he MOS 
FET is usually expressed as the next equation [32]. In this equation, the first 
part is the thermal noise originated from the random thermal motion of 
carriers in the channel, and the second part is the flicker noise originated 
from the carrier exchange between the channel and the surface states. 
BkT M 1 
J"Llf + C WL r·Llf, 
gm ox 
(3-10) 
where gm is the transconductance, M is the constant depend on device 
construction, W is the channel width, and L is the channel length. 
The most responsible part for the noise generation in the source 
follower circuit is the driver MOS transistor of the first stage, because the size 
of the transistor is designed as small as possible for small gate capacitance. 
This brings small gm and small WX L, the former causes large thermal noise 
and the latter causes la rge flicker noise. 
Low Noise Operation. Buried channel MOS FET's having impla nted 
impurities in the channel opposite to that of the substrate can be oper a ted to 
form the conducting channel away fro m the surface (this is called the buried 
channel mode), then the flicker noise is greatly reduced [33] . We revealed 
some noise sources in this mode of operation, and as the results, we introduce 
very low noise operating method in the MOS FET circuit [34]. 
Fig. 18 shows low noise regions in t ransfer characteristics of source 
followers for different load resistance (R _r). Noise current of the load resistor 
is added to that of the MOS FET and increases the equivalent input noise 
voltage as, ( Ll v2) ILl f = 4 k T !( RL gm 2). In Fig. 18 the value of gm ranges 
from 50 to 100 JlAIV, the increment of input noise due to R Lis about 7 n v;.r 
Hz. As the thermal noise of the MOS FET is over 10 nV/FHz (which is 
estimated from the first term of eq.(3-10)) , the effect of R L on the noise 
measurement is not important. In Fig. 11, limiting boundary (A) indicates the 
gate-source voltage ( VaJ must be lower than - 2V to obtain a low noise 
operation. This condition corresponds to the buried channel mode. In this case 
Vas may be calculated by using L1 ¢ 8 (the potential difference between surface 
and channel) 
(3-11 ) 
where VFB is t he flat-band voltage, QND is the donor concentration near the 
surface, E sis the permittivity of silicon, and E 0 is the permittivity of silicon 
dioxide. The value of L1 ¢ 8 may be estimated as L1 ¢# IOkT/q [35], so we 
obtain Va~- l .BV, which agrees with the observation . 
Another limiting boundary (B) in Fig. 18 depends on the source-drain 
voltage ( VnJ and the gate-drain voltage ( Va.d· Fig. 19 shows the relation 
between the noise for the condition given in Fig. 19 and the substrate current 
( I su~ · Lowering the value of V1 from the low noise region, MOS FET noise 
abruptly increases at the same time when I suB increases abruptly. I suB 
directly reflects impact ionization near the drain [36] . As the turning points of 
noise just agree with the boundary (B) in Fig. 18, this result indicates that the 
boundary (B) is caused from the impact ionization near the drain. 
In the case where a large gate area MOS FET is used as the driver and 
a small gate one is used as the load, the low noise region in transfer 
characteristics of this source follower is shown in Fig. 20 (a) for different gate 
voltages of load (Va.J· This leads to another limiting boundary (C) . This new 
boundary corresponds to the surface inversion of the MOS FET's. 
Fig. 21 shows the noise dependence of the MOS source follower on Va.v 
for V1constant (- 2V) and the substrate voltage ( Vsu~ setup above - 3.5V, to 
obtain the surface inversion of the load FET before occurrence of cutoff of the 
channel as decreasing the VaL· Since I suB larger than 10- 13A is not observed 
in this condition, it can be concluded that there is no generation of holes near 
the drain. Noise peaks are observed when VaLcorresponds to weak inversion. 
The voltage for onset of strong inversion is shown in Fig. 21. This voltage 
ranges from Vc(Inv) to Vc'(Inv) because the channel potential changes from 
the source potential (OV) to the maximum potential ( ¢M+ V5u). The noise 
spectrum for this condition is shown in Fig. 20 (b). Lowering the value of VcD 
the noise increases in 1/f region first, and then decreases more strongly at 
lower frequencies. 
From observed results we assume the ong1n of this no1se to be as 
follows. Decreasing the gate voltage, surface potential begins to drop below 
the substrate potentiaL At the onset of weak inversion, holes flow from the 
channel stops to the surface. Holes affect the channel conductance by 
changing threshold voltage. The concentration of the holes fluctuates through 
surface recombination process, therefore, the drain current noise is observ(~d. 
When the gate voltage is lowered from the onset of weak inversion, the rate of 
the surface recombination increases first because of an increase in 
concentration of the holes, then decreases since the major part of surface 
states begins to be occupied by the holes. Accordingly, a maximum of the 
recombination rate is reached before onset of the strong inversion, hencE~ a 
peak of the noise. Fig. 20 (b) confirms this assumption. Recently, this 
phenomenon is reconfirmed by other types of MOS FET's [37], [38]. 
Fig. 22 shows the noise spectra of the source followers for three cases. 
By operating the buried channel devices (BT's) with resistance loads at buried 
channel mode, and as the devices with no substrate current, low frequency 
noise is reduced about 17dB from the case of surface channel devices (ST's). 
Furthermore, by operating the BT's as the loads with no weak inversion, the 
~evices show the same noise as the BT's with resistance loads. 
3-4. External Circuit Noise 
The CCD image signal is processed at the external circuit and the noise 
in this circuit also added to the image signaL Nevertheless, if CCD imagers 
adopt the FDA detector, noise reduction technique called "correlated double 
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sampling (CDS)" is very useful in enhancing image quality by applying the 
technique to the external circuit. 
Correlated Double Sampling. Fig. 23 shows the output waveform from 
the FDA detector shown in Fig. 15, where r 1 indicates the reset pulse on 
period, r 2 indicates no signal period, and r 3 indicates signal period. In each 
clock period, the kTC noise introduced in period r 1 persists during next r 2 
and r 3. However, if two samples are taken, one at A in period r 2 and the 
other at B in period r 3, and if the time between A and B is much longer than 
the time constant r A expressed by eq.(3-8), then the noise on these time 
samples are correlated and can be removed by subtracting VA from VB [38]. 
This is called the CDS method. The practical CDS circuit is shown in Fig. 24, 
where the clamp switch S1 clamps the signal level to Vcp at time A, and the 
sample-and-hold switch S2 samples the signal at time B. Then only voltage 
difference between VA and V 8 is held in capacitance C 2. 
The transfer function T(!J of the CDS circuit is described as [39] : 
. 1 - exp (- i 2 ;rc f T 5 ) 
T (J 2;rc f)= g A • 1 + j f /B A (3-12) 
where g A is the d. c. gain of the amplifier chain, T 5 is the time interval 
between time A and time B, and B A is bandwidth. In the case that T 5 equals 
to one-half the clock period life, the transfer function goes to zero at f= 0 and 
even harmonics of the clock frequency. The zero response at f= 0 helps to 
suppress 1/f noise or threshold voltage shifts of the source-follower MOS 
FET's. Namely, the CDS circuit reduces not only kTC noise of the reset 
transistor but also low frequency source-follower noise. 
Transfer function (3-12), however, introduces some problems. When 
image signal has noise v n(fT) at the frequency of fr- 11(2T5), the CDS circuit 
enhances this noise twice. If T5= 11(2fc), the noise at fr- fc is reflected to f= 0 
by sampling, and enhances low frequency noise. Prefiltering before CDS 
circuit is not good because that decreases signal bandwidth. 
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We develop the new CDS circuits [40], which are shown in Fig. 25. 
Comparing with Fig. 24, our new circuits introduce the signal integrator 
enclosed by broken line, before the sample-and-hold circuit. When the 
integrator has the rectangular time response with time duration of rAP 
shown in Fig. 23, frequency response of this circuit is the Fourier transfe~ r of 
the time response : 
F(f )= (3-13) 
which is shown in Fig. 26. As the time difference T8 of this case is about a half 
of rAP, noise at the frequency of fr 11(2T sJ is reduced nearly zero by the 
integrator, hence the noise enhancement effect of the CDS circuit around fr is 
canceled. It means that the reflected noise at f=O also reduces dramatically. In 
Fig. 25, RAP and CAP are chosen for appropriate time constant of the 
integrator. By using this new CDS circuit, input referred noise of the output 
signal of the imager at the dark condition becomes 11 electrons. As that noise 
in the case of conventional CDS circuit is 15 electrons, this new cireuit 
reaches 3dB improvement of noise compared to the conventional circuit. After 
our work, similar technology using integrator to CDS circuits by Nishida et aL 
reached 9dB improvement of total noise [41]. 
3-5. Relations between Noise and Amplifier Gain 
All noises are compared on the basis of "input referred noise electrons". 
The input noise electrons of external circuit noise voltage V NE are expressed 
as 
<NNE> = VNE/(Gc·GA) , 
where Gc is the charge-voltage conversion gain and GA is the amplifier gain. 
In the case of external noise, high Gc and high GA bring small input noise 
electrons and hence high SIN value . High Gc needs small CN in eq.(3-7) and 
our technique shown in Fig. 16 (a) yields small CN. High gain of source 
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follower circuit is another important point to attain high SIN for external 
circuit. 
A diagram of source follower circuit and its equivalent circuit [42] are 
shown in Fig. 27 (a) and (b). Here we take into account the back gate effect of 
the transistor T D for realistic expression, while it is usually neglected for 
simplicity. In Fig. 27 (b), vi, v0 and vth are input signal, output signal and 
threshold voltage ofT D' respectively. gm is transconductance of T D· rn and r1 
are saturation drain resistance of Tn and T1 respectively, where saturation 
drain resistance is defined as ( 8 Vn/ 8 In)· 
From Fig. 27 (b) we der ive following equation; 
(3-14) 
vth is not constant but varies depending on source voltage v0 which is shown 
in F ig. 27 (c) . In this figure, v 0 is the same as channel potential at gate voltage 
Vi. From the figure , we can express approximately; 
vth= K· v 0 , K>l. (3-15) 
K depends on back gate effect and is expressed by 
(3-16) 
where d0 is thickness of gate oxide, ~ and ~ are the dielectric constant of 
oxide and semiconductor respectively, fa is the permittivity in vacuum, <!> f is 
the potential difference between Fermi level and intrinsic level in substrate, 
and N A is the impurity concentration of substrate. From the eq.(3-16), K 
decreases and reaches unity when N A decreases. 
From eqs.(3-14) and (3-15), we obtain source follower gain A as 
A = v/vi = 1 / [K+ (llgm)(1 /r n+ 1 /r JJ (3-17) 
To increase A, K should be decreased and both of rn and rL should be 
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increased. Small NA brings small K as discussed in eq.(3-16). Channel length 
modulation effect reduces saturation drain resistance, therefore, large 
channel length is suitable. This is easy for transistor TL but difficult for Tn 
because large channel length brings large gate capacitance that mak~es 
difficult high conversion gain and high-speed operation. The solution for this 
problem is to use multi-stage source follower. Fig. 28 shows an experimental 
result of 3-stage source follower that can drive 20 MHz CCD output signal and 
attains total gain of 0. 73 by using P-well as the substrate that has low 
impurity concentration. 
3-6. Total Noise of the Recent CCD Image Sensor 
In addition to the noise reduction, the technology to enhance the gain of 
signal detection and output stages has also been advanced. Presently 
developed CCD image sensors such as 114-inch optical format devices [43],[44] 
attain over 20 JLVIel for charge-to-voltage conversion ratio. However, the high 
gain characteristics make dominant the shot noise, which is inevitably 
introduced to the imager. This implies that the ideal image sensor have 
physical limit on signal-to-noise ratio (SIN). 
Measured noises of the 114-inch 270k pixel CCD image sensor are 
shown in Fig. 29 ; a dot-chain line shows dark noise, a fine line shows optical 
shot noise, a dot line shows light-dependent fixed pattern noise (FPN), and a 
bold line shows total noise. From the figure, shot noise is dominant at a signal 
range from 10m V to 500m V that is normally used illumination range, whereas 
dark noise is dominant below the range and FPN is dominant upper the range. 
Ideal image sensor has no dark noise and no FPN but has shot noise 
inevitably. Namely this device is almost the ideal image sensor at normal use. 
Subtracting dark noise from the total noise yields signal-dependent 
noise, which is shown in Fig. 30. In the figure, a solid line shows optical shot 
noise and remainder shows FPN that is -53dB of the signal. 
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From the eq. (3-1), 
~ (shot) = ./ {Nsig), (3-18) 
~ Cshot) =I (!J fi!J f)· r; ~ Cshot) Vsig=r; ~ig , (3-19) 
where ~ Cshot) is shot noise electrons, Nsig is signal electrons, ~ Cshot)is shot 
noise voltage, ~1g is signal voltage, r; is charge-voltage conversion gain, J f 
is measurement bandwidth and Ll fc is clock frequency. Therefore, 
~ Cshot) =I (r; 1J fi!J f) · ./Vsig (3-20) 
As!J f is 4.0 MHz, LJ fc is 9.535 MHz and ./(r; 1J fi!J f) is 3.llxl0-3 from 
Fig.30, r; is calculated as 23 Jl Vlel. As signal charge is easily measured 
from CCD output current, r; is directly measured. The value of 23 11 Vlel 
quite coincides with the value obtained from output current. Recently, 
calculating method of r; from shot noise is used in active type CMOS 
imagers[45] because those devices are difficult to measure signal current. As 
discussed above, it should be noticed that this method needs to count the 
measurement bandwidth. 
In ideal image sensor, signal to shot noise ratio is calculated as, 
(3-21) 
Namely SIN is proportional to f(Nsig). If charge-to-voltage conversion ratio 
( 1J) is large, Nsig decreases in normal signal level, hence that decreases SIN. 
On the other hand, high 17 reduces dark noise electrons because dark noise 
voltage is independent of 17 . As high 17 enhances SIN in dark scene but 
deteriorates SIN in middle light scene, 17 has practical limitation in 
application to image sensor. 
4. Resolution of the CCD Image Sensor 
Photosensitive area of the CCD image sensor is normally constructed 
by N+p junction on P substrate. If the depth of depletion region of the N+P 
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junction is not so large compared with penetration depth of the incident light, 
many electrons are generated in neutral P-region below the depletion region 
of the junction, and those electrons can diffuse in all directions as minority 
carrier in the P-region. If diffused electrons enter to the CCD channel, those 
charges contaminate the signal charges in the CCD and causes "smear" noise. 
On the other hand, if diffused electrons enter to the neighboring N+P junction, 
those charges cause interference between pixels and degrade resolution. 
We measured diffusion length of electron in P-substrate by using long 
CCD channel that has two-output circuit. One output circuit is used to detect 
the CCD signal and the other is driven with high voltage that causes impact 
ionization and generates minority carrier injection. The transfer of the long 
channel CCD is stopped and accumulate diffused carriers when impact 
ionization is occurred, and then the CCD is driven by high speed to readout 
the captured charge. As the distance between the noise source and each 
potential well in the CCD is distributed, accumulated charges in each 
potential well in the CCD represent diffusion length. Fig. 31 shows measured 
result, and it shows the value of 150 f.1 m, where impurity concentration of 
P-substrate is 1.4x1015cm-3. Measured diffusion length coincides with ref.[46] 
and the result shows that if N+P junction is formed directly on the P-substrate, 
resolution will be seriously degraded to about 150 f.1 m scale. Recent CCD 
imager uses P-well on N -substrate, and diffused carriers in the P-well are 
swept out to substrate. This structure brings high resolution. 
The resolution of image sensor is expressed by modulation transfer 
function (MTF), which expresses a response of an imager when spatially 
modulated sine wave is illuminated to the imager. This MTF is calculated 
from aperture function A(x), where A(x) is the response of one pixel when a 
light beam of 8 -function is irradiated at position x [9]. 
J-= 00 A (X) • cos(2n f · x)dx 
MTF(f) = (4-1) J -cx;co A (x) dx 
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Fig. 32 (a) shows contrast transfer function (CTF), which is a response to a 
square wave input, and calculated from MTF. This corresponds with 
measurement shown in Fig. 32 (b) qualitatively [23]. 
5. Sensitivity of the CCD Image Sensor 
5-1. Vertical Overflow Drain (VOD) Structure 
Solid-state imagers such as CCD's have finite handling capacity of signal 
charge and excess charge caused by strong light overflows along readout lines. 
This phenomenon is called blooming. To suppress the blooming many types of 
structure have been proposed. The vertical overflow drain (VOD) structure 
[ 4 7] that consists of NPN- photodiode adopts a vertical current and excess 
charge is swept toward the substrate. Thus large photosensitive area and 
wide dynamic range are ensured. This structure, however, brings complexity 
in the vertical direction and must be accurately controlled because the 
blooming characteristics are quite sensitive to the structure. Furthermore, the 
signal charge slightly increases over the saturation. This characteristic called 
"knee effect" reduces dynamic ranges. To find the best suited vertical 
structure, calculations of vertical currents are needed. 
It is shown here that the vertical current in an NPN photodiode is 
obtained by calculating a profile of quasi-Fermi potential along the depth 
direction, and then relations among the signal current, vertical overflow 
current, and incident photocurrent are derived. 
5-2. Calculation of Overflow Current in NPN- Photodiode 
This section shows a calculating method of overflow current that makes 
the space integration easy. In this method the profile of quasi-Fermi potential 
is calculated directly along the depth direction to maintain the value of 
exponential term moderate . The vertical current is immediately obtained from 
the quasi-Fermi potential. 
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Fig. 33 shows NPN- one dimensional structure with arbitrary doping 
profile N(x), the electric field E(x) and the potential profile, where W i(x) is the 
intrinsic potential and 4 (x) is the quasi-Fermi potential for electrons. Applied 
voltages are VP at the Nn layer (the N-well), V0 at the Na layer (the P-well) 
and V8 at the Nd region (the N-substrate). V0 is usually set at 0 V. We only 
consider the case that both junctions are reverse biased Ci.e. VP > Vo and Vs > 
Vo) and the holes in the N3 layer are fully depleted. Thus conducting carriers 
between the N-well and the N-substrate are only electrons and V0 is excluded 
from the boundary problems. If VP < V8 , electrons flow from the N-well to the 
substrate (overflow mode) and if VP > V8 electrons flow vise versa (injection 
mode). As both cases are symmetric, we only take the overflow mode from now 
on. 
Calculation procedure is as follows. First, we give value of N(x), VP, and 
V then calculate !Jl -(x) by solving Poisson equation ~ 1 
c! q 
w? TJf/x)=- Ks Eo N(x) (5-1) . 
where q is the electronic charge, Eo is the permittivity in vacuum, and Ks 1s 
the dielectric constant of silicon. Next, we calculate ¢n(x) because the value of 
the overflow current is given by solving ¢n{x) which is constant with a ll 
boundary conditions. The electron concentration n(x) and the electron current 
density Jn(x) are expressed by using ¢ n(x) [48] : 
n(x) = fl{ exp[q(!Jl1(x) - ¢n{x))/kT] (5-2) 
d¢ (x) ) Jn(x)= qp nn(x)· ( dxn (5-3) 
where n . is the intrinsic carrier concentration , k is t he Boltzmann constant, T 1 
is the absolute temperature, andpn is the electron mobility. Those values usE~d 
in this calculation are : 
J.L n = 1000 cm2/V· s, and T= 300 K 
The overflow current is described by eqn.(5 -3) . If generation and 
recombination of electrons are negligible in the depleted region between the 
28 
N-well and the N-substrate, Jn(x) is constant and independent of x. As Jn(x) 
means the overflow current density, we define Jn(x)- J 0 
From eqns.(5-2) and (5-3), 
d¢n{x) 
dx 
J 
q JLn ~ i exp [q(¢ n(x) - !Jl j(x))lkT] (5-4) 
where the exponential term takes moderate value. Equation (5-4) 1s 
one-dimensional differential equation and easily solved numerically. 
The calculated results of J0 as a function of (V8 - V pJ are shown in Fig.31 
for various types of the P-well. From the figure, J0 is approximately expressed 
by 
(5-5) 
where K 1 and K 2 are constants. 
5-3. Overflow Current in the Photo-Integration Mode 
In the photo-integrating operation of NPN- photodiodes, the N-well is 
floating and the P-well and N-substrate are biased at 0 and V8 respectively. 
The photocurrent density Jp generated within a photosensitive area is divided 
into the signal current density J8 and the overflow current density J 0 J8 is 
stored in the N -well region as the signal charge Q8 (per unit area) and lowers 
the N-well potential Vp during the photo-integration period T8. As Jo 
depends on Vp8= V8 - Vp , Q8 and J0 vary with time during T8 . Jp can be 
regarded as constant because Jp only depends on the external conditions. 
+ N-In order to calculate Q8 (t), J0 (t) and Vp8 (t), we assume P NP 
structure shown in Fig.35 (a) because this brings small image lag [18]. The 
p+ -layer is connected to the ground through p+ channel stops on its sides and 
enough high concentration of impurity to prevent depleting. The N-well is 
chosen to be fully depleted at initial time. (This is called fully depletion 
condition.) 
We introduce next assumptions; 
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Jx (t)- Jo(t)/ Jp 
Qs(t)= CA(Vps(t)- va CA= Q£/(Vf--- Vi) 
(5-6) 
(5-7) 
where Vi and Vf are Vps(t=O) and Vps(t=Ts), respectively. As Jp= J8+ J 0 , 
(5-8) 
By combining (5-6), (5-7) and (5-8) to (5-5), we get next differential equation. 
[(1-J/z·Jx(liKz- zJj- dJx-
(1/C ~· K1• K2(ziKzJ · J p rz- liKIJ · dt 
Equation (5-9) is solved as follows. 
In I (1-Ji/Jp)/(1-JxJ I + Kl[J~IIKI)_ {Ji/Jp) (IIKIJj-
(1/C ~· Kl· K2(JIKJ). J p (I- 1/KJ). t 
where Ji and Jf are Jo(t=O) and Jo(t=Ts), respectively. 
(5-9) 
(5-10) 
<Jg> and <Jo> are mean values of J8 (t) and J 0 (t) within T8 period. The 
relation between them is expressed as follows; 
(5-11) 
As <Js>=Qf/Ts, we can calculate Jp as a function of <Js> from eq.(5-10) lby 
applying t=Ts. Next, Jo(t) as a function of Ji, Jf and <Js> is calculated from 
eq.(5-10). Fig.36 shows time dependence of Jo(t) for various Vfvalues. 
Numerical results of <Jg> and <Jo> as a function of Jp are shown in 
Fig.37. As Jp reflects the intensity of light, <Jg> is proportional to the light 
intensity when Jpis small, and <Jg> is saturated to the finite value when Jp is 
large. The turning point of those two regions is (Jp()J J8J in Jp- J8 plane. This 
knee figure means suppression of the blooming as long as J80 is lowered below 
the handling capacity of the imager. Actual CCD image sensors that adopt 
vertical overflow drain structure show the characteristic shown in Fig.38, this 
is quite similar to Fig.37. 
Fig.37 also shows the intrinsic potential barrier from the N-well to the 
N-substrate, 1Jfs= ~·(xn)- ~-{xm) (see Fig.33), as a function of Jp The value 
of Vs at the onset of saturation is around 0.5V. Van de Steeg et al.[49] 
estimated this value about 0.4V from the view point of thermal excitation. 
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Our calculation indicates that their value is a little under-estimated. 
5-4. Sensitivity in P+NPN- Structure 
Incident photon penetrates photosensitive area and generates 
electron-hole pair. The generating rate depends on energy of photon and is 
described as a (Jrv) per unit length, where a is the absorption coefficient. 
Therefore, photon flux decreases as exp(- a· x), where xis the depth from the 
surface. 
In the case of P+NPN- structure of photo-sensitive area, potential 
diagram is shown in Fig.35 (b), where x 1 is depth of surface-side edge of 
depletion layer, x2 is depth of potential bottom formed in N-well, and x 3 is 
depth of potential peak formed in P-well. 
All electrons generated from x 1 to x 3 are accumulated in potential 
bottom in N-well, and electrons generated in p+ area within 1 pfrom x 1 are 
also accumulated in the same place, where .l P is the diffusion length of 
electron in p+ region. Those electrons contribute to signal charge. Sensitivity 
R(A_ ), therefore, expressed as follows; 
Le X 
q1 J exp(- L (1 ) )dx R(1)=- .Ld P (5-12) 
he (OCXJ X J 
1 
exp(- Lp(1 ) )dx 
where Lp (A)= 11 a (A) is the penetration depth, Ld is the depth of surface 
dead layer, Le is the effective depth, h is the Planck constant, and c is the 
velocity of light. As Ld is x 1-1 P and Ld is x 3, calculated values of R(1) are 
shown in Fig.39 by dot lines. Actual CCD image sensors which adopt vertical 
overflow drain structure show the spectral response shown in Fig. 39 by solid 
line. By applying 0.1JLm toLd and 2.0 11m to Le, the spectral response of this 
device corresponds with calculated value, and those value of Ld and Le are 
nearly the same as x 1- 1 P and x 3. 
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5-5. Calculation of Quantum Efficiency 
Quantum efficiency (QE) is defined as the ratio of generated electron 
number to incident photon number. The QE is the function of wavelength A 
and QE= 1 is expressed as 
ql 
h c 
(5-13) 
For example, eq.(5-13) yields 0.4032 AIW at 500 nm light. Typical method of 
measuring QE is to use a monochrometer and the energy of output light is 
measured at any wavelengths. This light is introduced to sensor faceplate by 
varying wavelength and output of the sensor is transformed to signal 
electrons per packet that are normalized per unit area and unit time. Those 
results are compared with eq.(5-13) and the ratio expresses QE . . An 
experimental result by using constant-energy monochrometer is shown in 
Fig.40[23] in the case of linear CCD image sensor. 
In CCDs for consumer use, sensitivity is defined as the response to the 
incident light whose intensity is defined by illuminance. QE is calculated from 
this sensitivity by combining relative spectral response R( A). We use light 
source as 3200K tungsten lump through CM500 IR cut filter. The illuminance 
at the faceplate of the CCD : L [lux] is calculated from energy distribution of 
3200K light E( 1 ), transmittance of IR cut filter F( A) and relative luminous 
efficiency V( A). 
L = Km f A b E(1 )F(:l )V(:l )d:l 
A a 
(5-14) 
where Km=680 lm/W, A a=380nm and A b=760nm. F( A) and V( 1) are already 
known, and relative spectrum of E( A,) is also known. Therefore, incident light 
power E(.A..) is defined from eq.(5-14) by using measured L [lux] . Absolute 
spectral response of the imager is Q2 · R( 1 ), where Q2 is correction coefficient 
having dimensions of [A!W]. This spectral response generates signal electrons 
NR. NR is expressed as 
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A.2 
NR = (1/q)· TintAcellQ2f R(l )F(l )E(l )dl 
AI 
(5-15) 
where Tint is photo-integration period, ~ell is pixel area and from 11 to A 2 is 
effective wavelength region. E( .A.,) is calculated from Planck's law of radiation 
E(l) = Wl 5)· [exp{B/l T)-1 }-1 (5-16) 
where B=hc/k=1.4388 X 107 [nm · KJ. When L=6 lux, we obtain A=l.898 X 1013 
[W ·nm4fm2] from eqs.(5-14) and (5-16). In the case of 113-inch 320K pixel CCD 
that has Tint=l/30sec, ~en=9.6X 6.3JL m and NR=900mV /23JL V/el=3.9X 104el, 
we obtain the result shown in Fig.41. Suppose QE(A.)=1 at1=500nm, Q2· 
R( A )=0.4032 AJW as discussed above. If we suppose Q2 · R( A )=1 AIW at 1 
=500nm in Fig.41, we obtain NR=l.97 X 105el, this is 5 times larger than real 
value. Therefore, the real value of Q2 · R( A. )=0.2 A/W, and the QE(500nm) is 
about 0.5. 
Quantum efficiency in area image sensor is : QE=(effective fill factor) X 
( 1 -reflectivity) X (absorption coefficient in Si). As the absorption coefficient 
in Si is about 0. 78 from Fig.39, and ( 1 - reflectivity)=0.9 for the most case, we 
obtain (effective fill factor)=O. 7. This value includes micro-lens effect and 
enough for light collecting efficiency. 
6. Low Voltage Operating CCD 
Recent interline transfer CCD area image sensors have attained very 
high sensitivity and low noise in small pixel size about 5 Jl m square by 
adopting such technologies as described above. Those devices, however, 
usually need many driving voltages from high to negative value because of 
next reasons. 
(1) Charge transfer from photodiode to vertical CCD channel needs high 
voltage such as 15V for perfect transfer, which ensures no image lag 
and no reset noise. 
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(2) Charge transfer along vertical CCD channel needs negative voltage 
such as -8V for surface pinning condition, which makes dark current 
low. 
(3) Charge detection at the output portion needs high voltage such as lE)V 
for detection margin, because the signal charge must be transferred 
perfectly from photodiode to detection portion via vertical and 
horizontal CCD channels, where potential should be deepened along 
transfer directions. 
(4) Variable electronic shuttering [50] needs high substrate voltage such as 
22V over normal substrate voltage to extract signal charge in photo· 
diode to substrate perfectly. 
To combine high performance with low voltage and low power 
consumption, 5V-only interline CCD image sensor was developed [51]. The 
block diagram of this device is shown in Fig.42. The key technologies of this 
device are high efficiency charge pump circuits and unique pulse mixing 
circuits. 
6-1. Charge Pump Circuit 
To generate high voltage from low driving voltage, charge pump 
circuits shown in Fig.43 are usually used [52]. As maximum generated voltage 
is restricted by pulse height and body effect of MOS FET [53], punchthrough 
type MOS FET was used. 
Power efficiency TJ of the circuit is described as; 
(6-1) 
where 10 is output current, V0(Ir) and V0(0) are output voltage at !0 and ! 0=-= 0 
respectively, Cci is gate capacitance of MOS FET, V¢ iis clock pulse height, fis 
clock frequency, and i indicates each stage. The first and the second terms of 
the denominator of eq. (6·1) show DC and AC input power respectively. The 
DC power efficiency depends on the voltage drop from V0(0) to V0 (I0 ). This 
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drop is caused from two factors shown in Fig.44. Namely, one is that the 
electron charge packet .1 Q which is swept out from source per one clock cycle 
lowers drain potential by .1 Vl = .1 QI(C0 + Cc), where C0 is coupling 
capacitance in Fig.43 and Cc is gate capacitance of MOSFET. The other is 
that the electron flow (-In) from source to drain requires the potential 
difference ;1 v2 between source and the channel under the gate. ;1 v2 can be 
calculated from MOS FET characteristics, effective time of current flow and 
the charge of .1Q. .1 V1 and .1 V2 are reduced by increasing C0 and WIL of MOS 
FET, respectively. To minimize .1V1+ .1V2 in restricted chip area, C0 and WIL 
should be optimized. Fig.45 shows the re.lation between .1V1+ .1V2 versus / 0 in 
two cases on the same chip area. Attained total power efficiency TJ is 52% at 
!0 = 200 JJA, hence power loss in the circuits 3m W which is trivial in a camera 
system. 
In Fig.43, pumping clocks <1> 1 and <1> 2 are common to horizontal CCD 
clock and reset clock to avoid those clocks interfere with CCD imaging part. 
6-2. Pulse Mixing Circuit 
Fig.46 (a) shows a new pulse mixing circuit that uses CMOS FET's. 
This circuit have two functions ; (1) input pulse V in2 is shifted to negative by 
using clamp capacitance Cc and MOS diode T 3, (2) input pulse V in1 is inverted 
and its pulse height is enhanced by switch T 1 and inverter T 2/T 4 . From those 
functions, it generates three level pulse from two level input pulses and can 
shift the high level from 5V to VH such as 15V and low level from OV to - V1 
such as - 5V. The timing diagram is also shown in Fig.46 (b). 
6-3. Shutter Pulse Lowering 
Electronic shuttering needs high voltage pulse. When we adopt the 
P+NPN- structure in photodiode described in Fig. 9, potential distributions 
at the cases of ( i ) fully depleted, ( ii) overflow, and (iii) shuttering are shown 
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in Fig. 47 (a). We define the impurity concentration of P+, N, P and N - layers 
as N 4, N 3, N 2 and N 1 respectively and also define the width of p+, N and P 
layers as d4, d3 and d2 respectively. Voltages v A• VB, v c and vsub shown in Fig. 
4 7 (a) are calculated as follows. 
(6-2) 
(6-3) 
(6-4) 
(6-5) 
Each voltage is calculated for next typical condition. 
[Condition I] N 4 = 1 X 1018em -2, N 3 =2 X 1016 em - 2, N 2 = 1 X 1015 em- 2, 
N 1 =2X 1014em- 2, d 3 =0.67811 m, and d 2 =2.167 11m. 
( i) Fully depleted: VA =6V, V 8 =IV, V c =5V, and V sub= lOV, 
( ii) Overflow 
(iii) Shutter 
: VA= 1.88V, V 8 = 0.5V, V c = 8.62V, and V sub= lOV, 
: VA =7.13V, V 8 =OV, V c =21.4V, and V sub=28.53V. 
Namely shutter voltage V sub is as large as 30V. This is because a=O in 
eq.(6-4) at the shutter mode and low concentration of N 1 that is 2E14 cm -- 2 
causes high V c value. To avoid this, we consider next condition. 
[Condition 2] High concentration layer N 10 is introduced to upper edge of N -
layer: N 1~N 10=3X 1015 em- 2_ Then 
( ii ) Overflow : VA= 1.88V, VB= 0.5V, V c = 1.92V, and V sub= 3.29V, 
(iii) Shuttering : VA =7.13V, V 8 =OV, V c =4.76V, and V sub= 11.89V. 
Shutter voltage V sub is drastically reduced. But this condition causes another 
problem to fully depleted mode. 
( i) Fully depleted :v A =5.45V, V 8 =2.36V, V c=0.20V, and V ub=3.29V. 
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The small value of V c causes carrier injection from substrate to photodiode. 
We propose a new technology to reduce the shutter voltage without 
causing any shortcoming [55]. High concentration layer N 20 is introduced to 
lower edge of P layer and high concentration layer N 10 is also introduced. 
In this case voltage Vsub shown in Fig. 4 7 (a) is calculated as follows. 
VsjSh)= 2Q:s (1+ NN3) d32 
SE 0 4 
qN N 2N 
+ 2 (1 + ___gQ_) d (d + 2 ) 2K N 20 20 -N d2 
BE 0 10 20 
[Condition 3] N c-~ N 1 0= 3 x 1015 em - 2, N2~ N 2 + N 20, N 20 = 1 x 1016 em - 2, 
d 3 =0.641 11m, d 2=0.791 11m, and d 20=0.331 11m. 
(6-6) 
( i ) Fully depleted: VA =4 .. 58V, V 8 =2 .. 13V, V c = 1.05V, and V sub=3.50V, 
( ii ) Overflow 
(iii) Shutter 
: VA= 1.5V, V 8 =0.5V, V c =2.5V, and V sub=3.5V, 
: VA =6..47V, VB =OV, V c =4.19V, and V sub= 10.64V. 
Namely shutter voltage is as small as IOV and the barrier against carrier 
injection from substrate to photodiode is enough about 1.0 V. This is shown in 
Fig. 47 (b). This new structure is quite effective for low voltage CCD .. 
Pixel size of the latest CCD reaches below 4 J1 m square [56], because 
there are strong demands for high resolution and small optical size CCD for 
digital still cameras.. When pixel size decreases, substrate effect to the 
photodiode potential decreases because of 3-dimensional effect. This means 
that shutter voltage increases as pixel size decreases .. Our new technology 
shown above is quite effective for the recent CCD of small pixel size. 
7. Conclusion 
To realize low noise and high sensitivity CCD imaging, six important 
technologies are developed in this work, based on scientific investigations. 
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(1) Using the un1que reset transistor derives low no1se charge detection. 
The method reduces excess kTC noise drastically by forming potential 
gradient in the transistor channel with the unique channel pattern. 
(2) Low noise MOS amplifier is developed from the investigation of buried 
channel MOS transistors. Not only to attain the buried channel mode but also 
to avoid the weak inversion region, quite low noise operation is acquired. 
(3) Noise reduction technique is invented by introducing the integration 
circuits in CDS method. This technology reduces high frequency noise that 
must be turned to low frequency noise by using CDS method. 
(4) The simple optimization method of vertical overflow drain (VOD) 
structure has been derived from the investigation of physical analysis of von, 
and from this work we have attained high sensitivity of CCD image sensor. 
For high sensitivity, quantum efficiency has been analyzed by 
measunng the spectral response. We analyzed source follower circuit and 
proposed the method to reduce external noise. Resolution of the imager is 
another important factor and it has been analyzed from the point of carrier 
diffusion. 
(5) We introduced unique circuit technology and photodiode structure that 
enable 5V single power supply for driving the CCD. From this work, it is 
overcome the only one weak point of CCD imaging device that the CCD 
imagers need high and many voltage sources for driving them. 
(6) We developed unique vertical structure below the photodiode. This 
reduces VOD voltage drastically and enables smaller pixel size that brings 
high resolution CCDs in small optical format. 
The ideal imagers only have the shot no1se that originates from the 
fluctuation of incoming photons and is unavoidable. By adopting those new 
technologies, the CCD imagers have attained to nearly ideal imagers. 
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Horizontal Scanning Circuit 
Output Signal 
Fig. 1. Readout organization of a MOS imager. 
Each pixel consists of a photodiode and a MOS switch. Signals at the 
pixels are readout with vertical and horizontal shift-registers. 
Horizontal Scanning Circuit 
Pixel 
~ Output Signal 
p-Substrate 
Fig. 2. Readout organization of a CID imager. 
Each pixel consists of two MOS. Signals at the pixels are injected to 
substrate with vertical and horizontal shift-registers and 
recombination current in the substrate is readout. 
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Horizontal CCD Output Signal 
Transfer Gate 
Fig. 3. Readout organization of a CCD imager. 
Each photodiode signal is transferred to vertical CCDs by shift gates 
and then transferred to a horizontal CCD. Finally those signals in a 
horizontal CCD are readout in high sensitive single output portion. 
Horizontal Scanning Circuit 
Output Signal 
Fig. 4. Readout organization of a APS imager. 
Each pixel consists of a photodiode, amplification circuit and a switch. 
Signals at the pixels are amplified at each pixel portion and then 
readout with vertical and horizontal shift-registers. 
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Metal 
Si02 
Channel Stops 
Fig. 5. Cross sectional view of aMOS structure. 
Positive voltage V G is applied to the gate electrode and causes depletion layer in the 
surface region of silicon substrate. The depletion layer becomes CCD channel and 
both sides of it are inactivated by channel stops. 
Depletion 
( a ) 
Va 
Depletion 
(b) 
n-Si 
Fig. 6. Energy band diagrams perpendicular to the surface. 
Energy band diagrams are shown in (a) a surface channel device, and (b) a buried 
channel device. Space charge regions are generated in depletion areas in both cases. 
When signal electrons are introduced to the channels, those are accumulated at the 
potential bottom positions. 
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Fig. 7. Schematic diagram of charge transfer in CCD structure. 
-o Clrtp.rt 
Signal charges are generated by incident photons and transferred in buried channel 
CCDs with clocked gates, and finally those are detected at the output circuit. 
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(a) Frame Transfer Type (b) Interline Transfer Type 
Fig. 8. Readout organization of area CCD imagers. 
(a) is frame transfer organization, and (b) is interline transfer organization. 
48 
Micro lens 
1st-metal [~r;:~~~ 
"' 
-J~ Poly-Si ~L J~ 
@ N II I' ~ N PW2 
PWI 
N-substrate 
1--
Vertical CCD Photodiode 
Fig.9. A cross sectional view of a pixel portion including a buried photodiode. 
A buried photodiode is an N region that is surrounded by surface P+ layer and 
P well layer (PWl) . 
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Straight lines correspond to constant activation energy Ea. Ea of defects are 
distributed near half of band gap (0.56e V). 
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Fig. 11. Maximum handling capacity restricted by surface limit. 
This limitation works hard when gate voltage is high and channel dose is low. 
This is well explained from the potential difference between the channel and 
the surface. 
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Vg(L) ~ Surface pinning 
Vg(H) 
Ec 
. - .- .- --.- .-.- .- -.Ef=OV 
Ev 
Fig. 12. Potential profile of buried channel CCD. 
Potential in the case of surface pinning mode is shown. The pinning is occur 
when surface potential of the channel is strong inversion condition (gate 
voltage is Vg (L)). 
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Fig. 13. Dark current of CCD vs. clock low voltage. 
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Fig.14. Measured relation between trasfer loss charge Qss and ZERO 
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Fig. 15. Circuit diagram of a flo sting diffusion amplifier (FDA). 
OS 
The node N which receives the signal charge from a CCD channel has several 
capacitance component; Cj is the junction capacitance, Cg is the gate 
capacitance of driver gate, C and C are the capacitance to the reset gate and 
output node respectively, and Cs is the stray capacitance. 
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effect on potential lowering, where L=20um and V 0 =0V. 
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Fig. 19. Relationship between source follower noise and substrate current 
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current also increases, which means impact ionization. 
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pulse is shown as signal SAP, where -rAP is the integral time period. 
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Fig.24. Block diagram of conventional CDS circuit. A clamp circuit 
consists of C1 and 8 11 and a sample and hold circuit consists of S2 and C2 . 
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Fig.25. Block diagram of integral type CDS circuit. A clamp circuit consists 
of C1 and S1, a sample and hold circuit consists of S2 and C2, and a integral 
circuit consists of SAP, RAP and CAP. 
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aperture characteristic of the integral circuit, high frequency noise near fc is 
reduced drastically (bold solid line), which in turn reduces the low frequency 
noise after sampling (bold broken line). 
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Fig. 27. Source follower circuit. (a) shows schematic source follower circuit 
' 
and (b) shows small signal equivalent circuit for the source follower. (c) shows 
vth dependence on source potential v 0 in surface channel MOS transistor, 
where channel current is infinitesimal small by neglecting subthreshold 
current. 
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Transfer characteristic is shown by solid line and its differentiation is shown 
by dot line. 
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Fig. 29. Measured total noise of CCD image sensor as a function of 
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frequency is 9.6MHz and bandwidth of noise measurement is 4.0MHz. When 
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Fig. 30. Optical shot noise and signal-dependent fixed pattern noise. 
Dark noise is subtracted from total noise. This residual noise shows optical 
shot noise and signal-dependent fixed pattern noise (FPN). FPN is about 
-53 dB. 
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Fig. 31. Measured diffusion length of electron in P-substrate. 
Electrons are generated by impact ionization in dummy CCD output circuit 
and injected to substrate. Diffused electrons are captured in long CCD 
channel where many depleted potential wells are formed to collect diffused 
charge separately and then accumulated charge packets in the CCD channel 
are readout to output portion. Diffusion length Lis measured about 150um. 
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Fig. 33. Schematic profiles of N(x), E(x), Wi(x), and c/>n(x) in NPN-
photodiode. N(x) is impurity concentration, E(x) is electric field, Wi(x) is 
intrinsic potential, and (/Jn(x) is quasi·Fermi potential. 
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Fig. 34. Calculated Overflow current density (J0 ) vs. potential difference 
between N -well and N -substrate (V s-V p) for different types of P-well. 
Results are shown in log-log scale, and condition is Nn=5 x 1016 em - 3, Nd=2 x 1014 
-3 
em , and V s=lOV. 
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Fig. 35. (a) shows N(x), and (b) shows llJi(x) in p+NPN- structure of the 
photodiode. N(x) is vertical profile of concentration, and ~(x) is the profile of 
intrinsic potentiaL 
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Fig. 36. Calculated results of J0 (t) as a function of time. 
Overflow current density: J 0 (t) is calculated for different Vf Vps(t=Ts) values. 
Condition is Np=2 X 1017cm - 3, Nn=5 X 1016 em - 3, Na=5 X 10 14 cm- 3, Nd=2 X 
1014 em - 3, Dn=0.422 fl m, Da=3.33 fl m, Vs=lOV, Vi Vps(t=0)=3V and 
T8 =1160s. 
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Fig. 37. Calculated results of Q"5 ) , G"0 ) , and VB as a function of Jp. 
0s) B mean signal current density, 00 ) B mean overflow current density, and 
VB is intrinsic potential barrier as a function of photo-current density Jp. 
Condition is Np=2X10 17cm - 3, Nn=5Xl0 16 cm - 3, Na=5Xl014 cm- 3, Nd=2X 
1014 cm - 3, Dn=0.422.um, Da=3.33.um, Vs=10V, VpCinitial)=7V, and Ts=ll60s. 
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Fig. 38. Experimental result of overflow characteristic. 
The device to measure is 113" 410K-pixel CCD image sensor which pixel size is 
6.4(H) X 7.5 (V) J-l m . 
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Fig. 39. Calculated and experimental spectral responses of the photodiode. 
Effective depth of each calculation is as follows ; Response 1 : 0.1-1.0 J-L m, 
Response 2 : 0.1-2.0 f.1 m, Response 3 : 0.1-4.0 f.1 m, Response 4 : 0.1-8.0 J-L 
m. The device to measure is 113" 270K -pixel CCD image sensor that pixel size 
is 9.6(H) X 7.5 (V) f.1 m, and this result is quite similar to Response 2. 
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Fig. 40. Measured absolute spectral response of 2048-pixel CCD linear 
image sensor. Constant-energy monochromatic light is input, and CCD 
output is transformed to signal charge and normalized per unit area and unit 
period, then quantum efficiency is calculated. 
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Fig. 41. R(l) is measured relative spectral response of 1/3-inch 320-K 
pixel CCD area image sensor. Spectra of 3200K input light source and IR cut 
filter are also shown by curves E( .A., ) and F( A. ) respectively~ Quantum 
efficiency is calculated from those results. 
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Fig. 42. Block diagram of 5V-only CCD image sensor. 
The device consists of sensing part and driving part. All driving power 
supplies including DC and AC are 5V only. 
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Fig. 43. Charge pump circuit. (a) is schematic diagram and (b) is potential 
relations of the circuit. Each stage consists of a MOSFET and a capacitor. 
Maximum output voltage depends on clock swing and potential gradient. 
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Fig. 44. The mechanism of voltage increase at each stage of charge pump. 
The increment of voltage is dropped from ideal case by increase of current and 
this factor depends on capacitance (Co) and MOSFET conductance (ID). 
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I Both cases A and B are based 
1 on the same chip area 
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Fig. 45. Calculated and experimental results of output voltage in charge 
pump circuit as a function of output current. By increasing the conductance 
of MOSFET, voltage drop and hence power efficiency is improved. 
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---------· - 5 v 
Fig. 46. Pulse m1x1ng circuit, where (a) is circuit diagram, and (b) ils 
timing diagram. The circuit consists of p-channel and n·channel MOSFETs 
and a capacitor. 
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Fig. 47. Shutter pulse lowering effect. (a) is conventional impurity concentration 
and potential profile, and (b) is new ones. Vsub and V'sub are the normal 
substrate voltage at the overflow condition, and Vsub (Sh) and V'sub (Sh) are 
the substrate voltage at the electronic shuttering. 
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Abstrakt 
Forschung fiir Rauscharme, Hochempfindliche 
Bildaufnahme mit CCDs 
Durch die Anwendung der folgenden neuen Methoden wird ein hohes Signal-Rausch 
Verhaltnis bei der Bildaufnahme mit CCDs bewirkt: 
1) Durch einen einzigartigen neu entwickelten Reset Transistor wird eine rauscharme 
Ladungsmessung erreicht, wodurch das Reset-Rauschen drastisch reduziert wird. Dabei 
bewirkt ein von der Detektor- zur reset Kollektor Elektrode monoton steigendes Potential, 
da13 die Rauschladungen zum grofien Teilliber den reset Kollektor abfliefien und nicht 
iiberma.Big zum kTC Rauschen beitragen. 
2) Mit Hilfe von Untersuchungen an "Buried Channel" MOS Transistoren wurde ein sehr 
rauscharmer MOS Verstarker entwickelt. Rauscharme Operationen sind nicht nur 
erforderlich, urn den "Buried Channel" Modus zu erreichen, sander auch urn nicht in den 
Bereich der schwachen Inversion zu geraten. 
3) Zur Rauschunterdriickung wurde eine Technik entwickelt, bei der spezielle Schaltkreise 
in die CDS Methode integriert werden. Dabei wird hochfrequentes Rauschen unterdriickt, 
indem es in niederfrequentes Rauschen umgewandelt wird. 
4) Durch physikalische Analysen der VOD (Vertical Overflow Drain) Struktur konnte 
diese Methode optimiert werden, wodurch wir eine hohe Empfindlichkeit der CCD 
Bildsensoren erreicht haben. 
5) Wir haben eine einzigartige Technik eingeftihrt, die es ermoglicht, den CCD chip mit 
nur einer Spannung von 5V zu betreiben. Damit haben wir den einzigen Schwachpunkt 
von CCD Sensoren, namlich die Versorgung mit mehren unterschiedlichen (hohen) 
Spannungen,liberwunden. 
6) Eine einzigartige senkrechte Struktur unterhalb der Photodiode wurde entwickelt, 
wodurch die YOD Spannung drastisch reduziert und gleichzeitig die PixelgroBe 
verringert wird, was zu CCDs mit sehr hoher Auflosung bei kleinem optischen Format 
flihrt. 
Durch Anwendung dieser neuen Techniken sind CCDs zu beinahe idealen Bildsensoren 
geworden. 
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:=_ (J)~ Lv' CDS @Jli%~ ffl v '0 =. ~ 1-: J:: IJ, ~$f~.:::.~Ht 0-1) ~:;-y t.J) G O)@jf~{§%(])}\.jJ~- J -1 ;:(1:1, 
1tt*O) c D s @Jll:§O)miJI.:::.tt-", 15 ~~t.J) G 11 'm:-1- C: ¥J 70%1-:~P L f:_o #;k (J)1iJf~(J)1&, [13 S3 G li~ 
~0)7Jttl-: J:: IJ -*~ 9dB (J) J -1 .A-&~~}J!f!:~]l!JX; L td4l]o 
3-5. J-{ .A'~ 7 /7' f/ -1 /(J)fMj{Jf-
mmmEE~~f/-1/~Gc, ifj~@]lf%0)f/-{/~GA~T0~, -{-0)1&0)m%~~C'~~T~J-1~V 
N E (J)}\.jJ~~ J -1 .A'I::tm-1-~C', V N E/(G c · G A) ~ ft I), G cBz tfG AiJ~f@jv 'il e:·· S /N 1-::frflj'"f· 
db 0 o G c ~ rWJ £Y) 0 l.:::.l::l:(3-6)A:c· C N ~ ;j" ~ < T 0 £,~7)'1 m I) , #;k iJl11f:$ L f:_~ 1 6 (a)I-:~T F~ 7' --/ 
t.J)lf;flj ~ ft -O o G A ~f@i 66-0 (-:li Y- A 7 ;t- P 9 @]lf%(J)f/ -1 /~;Wi 66 0 £,~iJ:;m -O o 
y-A7;t-o9@Jff%0)~1(ffi@Jli%~~2 7(a), (b)~=~-t[42L {.§.L, ZLE*I'i I--7/YA7'TDiJ~F~::;:71/ 
- r- :SZ}J*~-6 ~ ttv '~~!la"Jtt~il~:f& 0 -cv 'f~ f:_66, .:::. .:.. -r'l'i/"::; ~ f/- r- :SZ}J!f!:~-6tr J:: ~ ~~a~tt~ IJ 
:f&v'~1'T5 o ~2 7(b)c·v i• v 0 , v thiJ:-t;h.:f'n.AJJf§%, ttit.Jf§%, TD(J)~f[[~EE~*L-, gm 
l::l: T 0 (J)tElli ::I/ ~~1':7 7' /A' r 0 l::l: T D O)@;fo F v-1 /~m, r L i::l: T L (J)~;fo F v-1 /~me'm Q() ~ 
;fo F v-1 /~ml'i( aVo)/( a Io)c·;ffi: ~ t10o rrgj 2 7 (b)t.J) GrJz:itiJ'~t.J~h0 o 
Km (vi-vth) = (11rD+11rL) v 0 (3-14) 
y- A 'Et{lL v 
0 
'-: J: -0 v th (J)~ft:li, ;ffi:[ID=J--y *;v~MO S C'li~ 2 7 (c) J:: 5 '.=tt 0o (.:::. (J)miJ-(J) v 0 i::l: 
if~ r-•J±v . ':.Mi"0-T..Y*Iv*'-T/.Y-y;v~;ffi:To ) :=_nJ:: IJ, 
I 
v th=K· v 0 , K > 1 fDJEii (3-15) 
C: ;ffi: ~ h.O o :=_ =. -c·K li/"::; :7 f/- 1-- ~}1*1.:::. fftf¥ L, 7- -r- ;f;v /if~ 1-- rfl,$:1:C g ~ 7- -1' -*'v /£;ffi Ffl,$ 
:1: c s 0) !t -e-rR:~ 0 0 
K= 1 +CsiCg = 1 +(dr/(siKo)/ ~[2Ks E 0 (Vo+2¢ r)lqNA] (3-16) 
=-=- c'do I'll/- 1--it~*~"~W, Ko&lJKs liM:1t:~&tf#-~{*(J)tt~~$, E 0 IJ:~~~~$, cbfiJ:lH!Z 
(1)7 .:r:.Jv ~ v-"Jv~~tl v.r<;v~ 0)~, NA l::l:£;ffiit~~*-9o :=_nJ:: IJ, Kli~t&r~~;Oqg~;•(l~~{g;T 
L- 1 t= i[[--j < 0 
J;AJ:i.PG, :J~A 7 ;;to r;Jf/-1 /(i{XA:C';ffi:~:h0 o 
A=v/vi =1/ [K+(1/gm)(1/rD+11rL)] (3-17) 
~0 -c, :;-A 7 ;t-or;; O)f/ -1 /~IW1600 t.:::.li, K ~'J" ~ < -t 0 ~ :Jt.~=~;ro r:- v-1 /~m~::k~ < T 0£, 
~n:;mo o K ~'J" ~ < -t 0 '-:li~tR~~~T~f-c /~::; :71/- 1-- ~}J!f!:~1!j];t 0 O)iJ~~~ Lv \o @;fo F v-1 / 
m:m~::k ~ < -t 0 ~:.l'i, 7- -r- *;v:ff ~-c-~ 0 BN IJ ::k ~ < L- -c 7- -y *;vffi:~iJ6J5Z}J!f!:~trn :Z 0 O)iJ'I~~ L~ \0 
·=. hiJ: T L '.:::. -'Jv '-c l::l:?GJb t=-iJ~, T 0 (:. ~v ''"C !if/- 1-- ?GmO)ifJ::k ~ b f:_ G Ltb1'F~ltO){gT~:fB < i:.ffJ, i*ffliJ:;09~c·m0 o :=_O)f:_fJJ :1-A 7 ;;to r;;@Jn~~~~ L, tbf'F~~~t.l~L~~f/-1 /:~t:k{t:~@;s o 
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~ 2 s 113 ~t~JJX: :~~A 7 ;t-or;; @Jn(J).Atijt.J4?ft1:~ntU1JiJ-c·m IJ, P? .:r:.lvit~~T~f 0.:::. ~ 1-:J:: ~; /"::; 
:7 f/~ }-. ~}J!f!:~1fiJ ,Z, :i:f/ -1 / 0. 73 ~JtJJX L f:_o 
3-6. :;:i[[(J) C C D -1 ) ~ :/t /~ 1-: :}3 It 0 :i: J -{ .A. 
J -1 .A'trilJ±ttWfi-::JJo .:t, mw~tijifj3:}3 J:: Vtet.J~f-::}3 It 0 f/ -1 /ffi::k1t:ttWft ~ f:_it§~ L f:_ o ~ff(J) c 
c D-1; -:/t /-If, fJiJ:tli 114 ~*~**-T-[43],[44]-r'li, ~w~J±~~-7· -1 /li 20 11 VlelfAJ:~JlJJX; 
L-'"Cv'0 o 1lli:1JrWJv'~~f/-1 /f::l:, -1 J-:/-e/-!fC'IiJM~tGnttv'J'tm~~~=ft5"Y3::; 1--J-1 .A-~~ 
}If:_~ 0 o ,:_ (J).:::. ~ l::l:, :FJILtEU3"Jft-1)-:/t /-If f-:Jov ''"C SIN ~=~~a"J~1U1-iJ:;f¥:(£-t 0 =. ~ ~~~-t 0o 
114 ~ 27 7Jl00$ C CD O)~iJ(J), {§%1i Vsig ~=:%1--t 0:i:/-{ .A' V0(total)(J)jjt1Jft~*~@ 2 9 (J)jc~~ 
~=~-to ~ f:_ :=_ O)P']O)~W,j / -1 .A' Vn(dark)~ 1 ~~~f@c·, '/ 3 /' 1-- J -1 .A' V n(shot)~*ffi~~C', }!\.:::.]'[; 
:lifft:ff~~/ -\ :7-/ J -1 .A'Vn(FPN)~1i/U~C'~To .:::.nJ:: IJ, {§%1i 10"'-'500mV O)ifi!l£Jc·.Y3::; !-- J -1 
.A-tJ~:Jzf!i2.a"J-cm IJ, -tnf.I-T-cl:t~~; -1 .A- tJ~, -tnfAJ:-r'liJ't:MfR:ff~Ai:/":7-/; -1 .A-tJ~:Xf!ica~-cm 
0 =- ~ tJl*'J 0 0 :FI:ms"J-1;- -::-e /-!fc·l:t~$f; -1 .A'Jo J:: v~~/"7'- /; -1 .A-,-x~v 'iJ', -y 3 ::; r-; -1 
.A'iiJMtt Gh T, :FI:m*-=t-C'm 0 -c t ::k$)3 (J){§%~i!iXC'~ 2 9 ~ [Plf£~(1) SIN~ tt 9 o ~Df::,~f£0) c 
c D li~:m*-T-1-:ili:v \ 0 
:i:J -1 .A't.J)Ga{f~J -1 .A-~~- L, 1§%Di: Vsig -c7o::; 1--1"0 C:, ~ 3 o (J),~~J:: 5 l.:::.ft0o .:::.nl'i 
'/ 3 /' 1-- J -1 ;(' Vn(shot) ~ J't:lifft:ff~Ai:r\ 7'- //-1 .A' Vn(FPN)(J)JJOJf ~ :ht:_ t O)c·m ~ o V 
0
(shot)iJlf§ 
%:fi(J)¥7J11H-:ttfJ!JL, Vn(FPN)iJ\f§%:AH-:ttfJ,J-t-OfMJfffit.J\G, Vn(FPN)/ Vsig= - 53d.B ~1~0 0 ~t~ 
'/ 3 /' }-. J -1 A-~~ 3 0 r:f:J(J)~~'"('~To 
J:\;(3-l)J:: I)' 
~ Cshot) =v"(Nsig), (3-18) 
~ Cshot) =v"( J fl J f)· TJ ~ Csho~ Vsig =TJ ~1g- , (3-19) 
.:::. =. C' Nn(shot)l'i'/ 3 /' 1-- J -1 ~'m-1-~, Vsig l::l:f§%1{[-1-~, Vn(shot)IJ:'/ 3 ::; 1-- J -1 .A·mEE, Nsig li 
f§%~EE, T} l'imw~~W!f/-1 /, !l £ t::l:J -1 .A.i1l,JA!:f§%f*~~~, 6. f c IJ::7 o::; :7 WJiii~c·m0 o =-
hJ::IJ, 
(3-20) 
~ft0o .:::.::__-ct:J. f=4.0MHz, !l f c=9.535MHz, ~f:_~3 Ot.J\G:::K~0F(TJ 6. f/6. f c)=3.11 X10 
-
3 t:.t.J\ G, n =23 11 Vlel nl1~ ~h0o .:::. O)*fiJl:l'i, c c D tti.1J$(J){§%1ttmtt.J'~ G:::K60td@: C: & < -~T 
0 o ,:_(J),t 5ftTJ ~:::1<600-=Fi'tli, ffi$~~-1 )-:/y/-!fC'~ili::fiJffl~n-cv•0[451o ffi~~~-1 ;~:;-e 
/-!fc·l:tf§%1{[mc~I~J~:::K600.:::. C:iJ:;-c-~ttv'f:_6bC'm0 o {fl.L, J:~c(J)J:: 5 t:.J-1 .A'/JlU~1*~1=tt~-t 
~~,~iJ)m0o 
'/ 3 -;; 1-- / -1 .A. SIN l::l:, 
v~ (ghat) =v"{Nsig/(Jf/Jfj) (3-21) 
~ ft0o NDf:,{§%11-=f~(J)¥1f11H-:ttfJiJT0 o :=_;hJ:: I) ~~f/-1 /n~rWJv'~, ~${§%~J±C'(J){~%~-T 
~;O)~y L, SINiJ\~< ft0::. ~ iJ\¥J-O o ftl!7J, ~~J -1 .A'f~J±I'i~~f/-1 /I.:::.J:: G ftv'f:_60, atr~J 
-1 .A'~-=f~li~~f/ -1 / iJ\;Wiv '~~:1--"T 0 o ::. t1 J:: IJ ~~f/ -1 / iJ)?@j v 'f£Htfv ''/- /C'(J) sIN l'i~J:. T 
0 iJ), r:p Ffl9J'tm(J) '/- /c·li SIN iJ~~1t: L, ~~f/ -1 /1.:::. IJ:~NJl!.t.J:;:fff:E-t 0 o 
4 . C C D-1) ~:;-e /-lj-(J)fjrt.f~~ 
V 0 Drlfl§c·tt ~ 'C CD 1)- :/y /~(J)stJ'tiiJ31i, P £t.&:J:.(J) N + P ~-€!~-: J:: I) %JJX: ~h0o .:::. 0) N 
+ P tJ'€iJ(J)~z~~n~J't(J)f~.A~ ~ J:: IJ tiv' ~, J'tm~~~= J:: ~; ~ < O)m-rn:;~z~ J:: ~; TO)r:f:Jtl~~-c 
~~ L, .:::. h G liP m~r:p (1):1,-'~::\=- -y !J 7 ~ L -c m G t<P 0 jj~ t.:::.M:W;: L- -c v, < o !U:Wl~-1-n:; c c D 7- -y-* 
;V~.:::.mc.A-9 0 ~ -T-r-;f;vP'J(J){§%~m~r5 L, A~ 7 ~ P¥1i:h0~f§%~ tt0 o M:W:~-1-iJ:;~tJ€-t 0 N+ 
P tJ€il-~1JTE.A -t 0 ~ OO*Ffl9 (J)~(* ~ tt IJ, 1lrt.f~J3r ~~ft: ~it~ 0 
~k l::l: P £;tRcp (J)~-1-(J)!Jt~-If~, 2 ~(J)tJjjJ$~~-'J:ff=J- -r- ;f;v C CD 1-: J:: ~ mUAI: L f:_o -j]O)t±\f.J 
$1-i C CD f§%~ tfj(.:::.)flt; ', {lliJJiirWJ v ''ml±C'.~jb9- 0.:::. ~ ~_: J:: I) -1 / F~ :7 1-- -1 ;.t /{t:~~ t, ~it-c, p 
£f&~~-T-=:Jr~::t--r- V 70)ft.A~1'T0f:_o -If-T-y*;vC CD(J)fi*~-~wll: L-, %fi*~~~=M:W:~ 
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-:;-~~ Lr t=-1&, c c n ~ ~J*-::-~1EJJ-tB --r:. c 1=- J: VJ , m1it~-:;- 75~- ;EWJ r~9 p:q t=-W-ftrn&!EX t=-~iJJiT 0 :§kO), 
3£j:_j1Jji:f.pGO)J£€J~tH=-ct ~7J'::ffi~~0 o ~ 3 1!=-miJ)E~*~;:r- L-, :.net VJ fttit:9:*1i 15011 m c JE.fJtb Gh 
0 a ft}-JP£t&:/IJ~Ji 1.4 X1Qlficm- :3-c-&:>0 a :.o)~*liX~[46]c tb-fJ':T0 o ITID*~o :;;'TI:t~tETI'i 
5 11 m 0 T-c-&:> ~, J:~cfttf{*O)~*Ii, t LN + P ~-@-75~ P ~t&J:f=:_~~%fft~ :ht:.mirl=-t:t, :m*tt 
~~f~).t1;{t:75)1:_ C:, 0:. c ~~~T 0 o Lt.P L:l{iiQ:O) C CD Tl:t, V 0 DtJf@f;: J: ~ N + P ~ilfiN £t&J:: 
O)P r) x.;v[7;}(;:f8f1X:~h~ o :_O)t:.60£t&:~*$--e9£1:.t)~j?~~--v- V 71i£tlH~lll"-fj~te~:h, ~~{~).t(=:_~ 
~T ~ :_ C l:l?~H' ' o 
-1;. ~--/-E /--lj-O)~~f~J3t,:t, ~r~9$!BJ:-c- ~1t:•t- 0 .AttJE~:t~o)~r~,~~~~~fr: ~ -ttt-=.a~O)-E /--lj-o)Jt 
~--c- &:> 0, MT F t= J: ~ ~ ~ :h~ a ~F~9@.~J:--c· 8 M~~(J):yt, ~--~.b.. ~-t: /-!J-[7;}T x 1J[R] t=-*:~ L, ~0) 
a;!j(J)!!i-@*O)r,t:g=~ A(x) : M1 oM~ c --t ~ c, MT F li A(x)~ J=FH \'"({XO) J: 3 f;:* ~ :h0 [9Jo 
MJF(t) = J="' A !X) • cos(2 ;r f · x)dx (4-l) 
j coco A (x) dx 
~ 3 2 (a)TI:l, MT F ~~%~A.1J(=:_~--t 0r,G:g:: C T F (;:~~ L t:.~Jl~*~if-Ta ~~(J))jliJ}E*5*0) 
~ 3 2 (b) c )Efis{] (;: -IZ--t 0a 
5. C C D-1 j --/t /1-0)~g 
5- 1. ~~:;;t-/"-7 P- F v-1 / (V 0 D) rA:@ 
c CD 0) J: 3 ft~ {tff!Hjg*rc·fJ:l& ~ t&v \mWfmt.J~~N ~ ;h -r.tD ~ , 3~v \:yt,(;: J:: ~ ~1:. L t=.l&J*Ij1l[~~~'i , 
~J;.tfj L7-1 /l~iG0-c~-~/-=:~7 o~-t0o :_O)~®Hi/.;v-::: / -!f C rJ¥1:fh0o /';v-::: / :~l~1lflfE 
-90~< 0)#4@t.J)~~~ht:.t.J'l, NPN-7:J- t--~i..-{:;t- r:·t.J,Gito~~:;t-/-=:-7r:z- Fv-1 / (VO 
D) t1lf@[47]c·t:t, ~ ~ 7JrP1 O)~mt~1*ffl L, i&l*iJ'~wti£t.&:fJliJ"-~~In ~ h0o *=#4@1=- J: VJ * 2: ftJt~ 
~~ooficrtv' ~ t-1-r::: -;,;-7 v/--/75~1i'ii%~nt=- o Lt.J~Lttt.J'\~:_(J)t14:@1:1~~1JrRJ(f)~~~~tbt:.G L, 
;lp---::> 7 -·;v--::: / -7'-!j?j:fit.J'\tA:@i;:~~T 61:> 0 f:_(9'), ~:h~lE1i'fi=:_#JijttiJ LIt lthl:fft G ftv \o J! ~~:. O)t14:@0) 
~.g., f~i5-m:ftifliJt:i:ffi*C'~tDI;:J:l L f:_ i&j? Lffi1Joi-0, ~-!f?ftt C: 11¥~~~ ~if 3 t=. th , ,y·..-{ T::: :J 
-7 v / :,/0)7W_j?~ t t:. G i-o :.n G O),P,: ~~lt L- t=.lliJlt~@~ ~te-tt:.th, ~~1t¥J1EO)JE~It~+;W75)!£,~ 
--c· &:> Q 0 
N PN-7 ;t- f- !f-1 :;;t- J-:'C'(J)~~~1JTE75'\, ftE7 x.Jv-::: #-T/'/'-y;v(J)7"o 77-1 lv~~~)J[PJI.:*}i 
-t 0-=:. c 1=- J: ~ {~ G:h0:. c, .tD J: Lf~nl.: J:: ~ .AM7t~mt c ~1:.1~-%1l[¥J1t.tD J:: LJ:;t- /-::-7 ° -m17TE C: 
O)Milf-75l{~Gh0:. ~ 75'< JJ-TT5f-~t10o 
5-2. N P N -7 ;t- f- -7··..-1 :;t- F t:_j:O ~t 0 :;t- /"-7 o -'I:¥J1EO)gf~ 
*=!WTI:l?2:F~9m51~~£ (:_ --t 0 :;t-/{-7 o -'1:1TtEO)gf~1J¥~~if-To :. (J)jjy~-c-fit~~rj'io) {ffi[ ~ftt < 
{~0 t:. * j:, ftE7 x.lv::: It-T/ '/'-y Jv0)7"P 7 7 ..-{ lv~¥* ~j][R] ~~~~gf~t) 0o ~~m:mtfiftE 7 :r:Jv::: 
;j~-j- / '/' -y Jvf.l~ ~ ~i:.J (~{~ ~h0 o 
~ 3 3 1-::tN P N -~p G It 0 1 {X:JCtJf@--r&:> ~, ztli'51::ffi : N( x ), 1tm51m : E ( x ), ~t17 x.lv::: #'-T 
/ '/' -v·lv : w . (X), ~T(;:j::j"i- 0 ftE7 x.}v::: #7 /'/' -y /V : <b n (X) ~if-To 7t-im J: ~ ~;J]Qt) 0 ~[EI'i, 
N r) :x:lv(;:V ~. P r) :x:lv(;:V 0 , N£t,&t;:v s T~0 o V 0 li@~ 0 Vc' i9:>0o JJ-Tc·l:tfifii~-@-c b~/;:; 
..-{7:A (.E!Di::,Vp > V 0 , Vs > V 0 ) T, P r)x.;Hi5G~I.:?2:zft:L-rv'om.g-O)J;.~;t.g u :_0)~-@-N 
r) x. 1v c N £t&r~,(J)~'I:~ -y V 71im:-:r-O)Jr. cIt~, v 0 li-Jjf:Jf-5kft1.P G ~7t- ~ n,go ~rli v r < v s 
o)mifl=:_liN r) x.;v;lp G N£t&/"-¥mh (;:1-~/-::~7 o--r- F), V p > V s O)miJI=I:tN J;:f,&75> G N rJ :r: 
;v imho (t±J..-r- r:·) o fifi]-r- Fli~fff%t:.'t.PG, 0-T--c:'l:t~--/-::-7 o--r- r:· o)J;.~t& 3a 
~t;W-=f.Ji~lilJ-T 0)@ ~ 0 *TN (X), v p' v s (J)fffi[ ~--9- :Z' (')( v \T#7 y /(J)i\; ; 
cf2 K s!iJ d~ ~-{x)=- q N (x) (5 -1) 
~~~<:. c (:J:: V) w i (x)~1~9 o :. :. T q l:tm-:r-~wm, E ofi~~OY~m$, K sli'/' v :::1 /O)rt~~ 
*~*To {jz(=:_ & n (X)~~~~' :. :hJ: ~ ;:1--/{-7 p -'l:rm~1~0o 'l:rrlli' n ( x), m-:r-m1m J n ( x) 
It 0 n (X)~ ffl v \'"((j((J) J: 3 (;:*~no [48L 
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n (x) = n i ·exp[q(1Jlj(x) - ¢n(x))//kT} 
d ¢n(x) 
Jn (x) = q /-1 nn (x) . ( dx ) 
(5-2) 
(5 -3) 
:. :. Tn i l:lJ{tt~-y V 7ZI/3L k fiJt;v~?/JE~, Tl:l~~r!ill3L 11 n !:t~-:;-~jljfi'-c·~0a ft.tD, 
J;l, T 0) ~+ Jl T 1:1 {X (f) fit~ 1* ffl-9 0 a 
11 n = 1000cm2N ·s, T=300K 
:;r~/-::~7 r:z ~m:rml:t::r.\:(5-3)--c·* ~h0a N? x.;vtP G N£t.&:O)r~90)?2:zn&±EX--c-m-:r-0)~1: · ~*5-&f?Jl~ 
:fJ[T2:0cT0c, J n(x)l:l-~Txt.:{t(;(¥Lftv\o :.;h75):;t~/·-~7o-m¥J1tc·~0f.l)G, J n(x) 
= J 0 c~~T0a 
i\:(5-2):to J:: lJ(5-3)t.P G' 
d ¢n{x) Jo 
exp [q( ¢ n(x) - lJ!j(x))lkT} q f.Ln n i dx 
=.:. Tt~~Jili'J ' ~ lt \fit f.: fg j: 0 o ::r.\:(5-4) li~{j!s{] 1::~£ 1:: ~~ < =. c t.J~ T2: 0o 
(5-4) 
J 0 ~ v s-v P (f)~~ c L -cgt;W Lt=-~*~ , ~ 3 4 !.:if--to ~ J:: ~ J 0 liiiT{£/. s"Jf=:_{Jzi\:-c-*-9:. ~ t.J~ 
T2: 0a 
Jo = K2(Vs- V_pJK1 
:. ::. T K 1, K 2 liJE~T~ oo 
5-s . 7t~5t-r~ r:-r=-.tD~t0:;t-/"-7o~~mc 
(5-5) 
N P N -iF 1-- !/ -1 :;;t- j-:'O):yt,~)tlb i'FI::.tDv \ '"(, N r) x.Jvlit¥-illf:if:~T~ ~, P rJ x.Jv, N -£t&fi~ 
n;cn, ~{lz: 0 , V s I.: ~~~ hoo ~Ytflft~TJ€ 1:.-t 0 7t~mt-Wl3t J p 1:1, f~-%1l[mE-Wl3t J s :to J:: LJ;1-
~/-::~7 r:z -~w-Wli' J 0 t=5tlt Gh0a J s li N ? x.Jvit&~TiffJt ~n -r f~-%~w-Wl3t Q8 c tt ~, 7t 
fJI:B~F~, T s tp f.: N rJ x.;vm{lz: V p ~Tif oa J 0 li V p s = V s- V pt.: {t(f¥-9 0 t.J) G, Q s, J 0 li~Fa9 
Ts(J) r~,~it:T0o {ii!1J J p li7t-im~ fti=T#c*0t(J)T, - Xi: cJ;.ftit0o 
Q s (t) , J 0 (t), Y ps (t) ~~;W-t0t=.60 , ~ 3 5 (a)l.: 5f--tJ:3ft P + NPN - r1lf@~~;t0a :.n 
li {ft?~{~ O) ~W: t.J~ ~ VJ [18] , i&Jli(J) C C D T l:l"#i c·'75~ =. 0)#4@~1*ffl L -c v \ 0o P +II f:tmill 'T -y ;f.;v :A 
f- :;; 7"!1 ~1r L -r ~±ili ~ h, ~zit Lfctv \ J: ? [Wji,IJ.t 1=-%!1X: ~ h0o N rJ x.;VfiWM~ftT7t~f::?2:z ft 
--r 0 J: ? ~ xt ~no c::. n ~ 7t~~:l!~ft c II¥~) o 
::.:. T{XO) ~{Jf-i\: ~~AT oa 
J x (t)=J0 (t)/ Jp (5-6) 
Q8(t) = GA(Vp8(t) - VI)7 GA =Qf/ (Vf- VI") (5-7) 
ft.tD, Vi = Vps(t=O), Vf=Vps(t=Ts)T~ Oo Jp= Js+ Jo (J) I~H*- J:: IJ, 
(dldt)Q8 (t)=Jp-J0 (t). (5-8) 
::r.\:(5-6), (5-7)&LJ(5 - 8) ~ (5-5) c*'I3.Jr.-§f bit0::. c f.:J:: IJ {Jz0) 1J\& :5J'1JW:r.\:~{~0o 
[(J - J_x) -1 ·Jx(11K1 - 1J]·dJx= 
(JIG~. Kl . K2(11K1J . J P (I - 1/KI) . dt 
::r.\:(5-9) ~~lt < c , {X (f) J:: 3 1.: tct 0 o 
in I (J-Ji/Jp)/ (J-Jx) I +Kl[JJ!11K1J_(Ji!Jp) (IIK1Jj= 
(5-9) 
(JIG~. Kl . K2(11K1J. J P (1 - 1IK1J. t (5-10) 
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=..:. ""C', Ji=Jo(t=O), Jf=Jo(t=Ts)""t:tb{J o 
WIF~9 Ts 1-::Jo,t{J Js(t)~ Jo(t)(l)a~r~9¥-tfJ""t:tb{J, <Js>~<Jo>(l)F~9(7)Mf~fj:?j:z(l)J: 5 (.:*2:tL{Jo 
<Jg>=Jp-<Jo>. (5-11) 
<Js>=Qf/Ts (7)r~lf*~Jf31t\, ~(5-lOH.: t=Ts ~f~]\.T{J:: ~~-=J: IJ, Jp ~'i<Js>(l)~~~ L---c*~Q:: 
~;0~~~ Oo Jo(t)~'i, ~(5-lO)il~~ Ji, Jf.&V<Js>(l)~~~ L---c~t-To:: ~iJ)-c'~ Oo ~ 3 6 ~:t, fj,q 
(J) Vf 1u!~.:%t L- --c~t- L- t~ Jo(t)(l)~F~,Bt1¥·r'i ~~To 
Jp (7)~~-c-~ L- t~<Js> ~ <Jo>(l)f£f~m<~l~5f!:l'i~ 3 7 (7) J: 51:. ft Oo Jp f'i)\.tf'Jt5~ffi ~~-t-;0~ ~), 
Jp iJ~;J-- 2: It '~(:.l:t<Js>l'i}\.tf7f:5Sill (:.J;tffiJ L-, Jp il~ *~It'~~=- f:t<Js>fJ:;f:f~.&f~ 1-=~~IJT o o .:. tL ~) (7) 
~BE ,¢.UJ: J p - J s ffiiykj (7) ,¢.\ : ( J p 0' J s 0) -e lb {J 0 .:. (7) .:=.~~ttf'i, J s 0 ;OL{ j ~ :,/-y (l)*~!:iTflli 
~w:I:J: IJ f.tfv\~.& IJ, 7 ;v~ ~ /:J''J.J):j!f)J± 2:tL{J.:. ~ ~g~T o o M~;t~/~~7 o ~ F v-1 /mm~~ 
ffl L-t~~~(J)-1 J ~:.;~ /-l}-(7), 7~;v~ ~ /7'':j!f)J±~ti~~ 3 8 1=-~To .:.nJ: VJ ~tlltit*(l)~ 3 7 ~: * 
~ .& < -~ L..:-c" \ {J .:. ~ il~~J {J 0 
~ 3 7 (:.., N '7 .:r:Jvil~ ~ N JSW:-"'IPJ1J~ 5 ~-Trmi:.MT Q ltf7 /-/.Y }v/-\ 0 7 : v B = w i (X n )- w i (x 
m), (~ 3 3 ~~) (l)~t:i~*~~To ~fiJ00~6~(7)(7){~f'i*8 0.5V -c'tboo Van de Steeg ~ l:t=. (7){~~(, 
~liJbm;1J~~ 0.4V ~j~JJtb0f~[491o :fX~(l)~:i~*f'i~~(l)JE.fJ{t VJ ;O~j;L.{jj;~""t:~0t~=. c ~~~~o 
5-4. P +N P N-:m~-c-(7)~./t 
5tJttfiH:.A.tt L-t~ 7 ;;t- ~ /IJ:~-T-lE:fLM~~1:.T o a .:. (J)~1:.$1'i7 ;;t- ~ /(7).I;f,;t--:¥f:.{t(::(f L-, J... 
tt"Jlt~{lz:~*~ VJ (7):1: c L- -c, a (h v )C'~ 2: :ho a .:. =- T h l'i77 /:?" ;E~, v l'ii&:*, a l'i!Qk~{;¥-~ 
C'~o a =.nJ: VJJ,..tf'7;;t- ~/3Rf:ti~2: x'=.ML-, exp(- a x)--c-~~T{Ja 
P + N P N -m~(l)§t]lt$(7)~--g.., *'7 / -/"\' ;t--S;ffl l'i~ 3 5 (b) (7) J: 5 l:.tt oo .:. ::_ -c-x 1 l'i?2zflj* 
ffil1JliJ(l)tr#ij(J)~2:, x 2 1J:NJI~'=-IDPX:2::h0*'7/-/-\'Jv(l)Jft(7)~2:, x 3 1-J:P '7 .:r:;vrk],:.%~2:;h{5*' 
7/-/ .Y Jv t:o~ :7 (7)~ "6 T ~ {J a 
X 1 n~ ~X 3 (7)f~9-r~::t-t {J 1lt-TI'iN }I ~(7)*'7 / Y-\' }v(l)J!:!'=-~ffi-t Oa * t~ X 1 ;0~ ~A p t=:'t p +fJliJ 
~=.)\. 0 f::_ f1J)~T~:£-t :0 1l-T t *- t~, fPJ t:m-mf=.~ffi-t Oa .:. .:. C' A p f'i P +~~-c-(7)1l-J-(7)!Jt~*-c-~ 
:S o =-n~1lt-T7J~f§%~wc L--c*4To a 1tE0-c~J!i: R(.A..)I'J:{X(l)J: 5 1=-~2::h:S o 
qA. J: exp(- Lp(~) )dx 
R(l)=- (5-12) 
he Joo x exp(- )dx 
0 Lp( 1) 
.:. ,:_ -c-Lp(A.)= 1 I a (l)IJ:Jt{~]\.~2:, L d l'i*ffii~~:1J~~(l)W2:, L e fJ:;f:f~:1J~2:, h li7'7 /7 ~~, 
c l'i:W:J£--c-~{J o L d l'i X 1 - 1 p c'tb V)' L e l'i X 3 t=:;0~~, R(A)(l)~t:i~*'j:~ 3 9 (l)J: 5 i:::.tt~ o 
~~;;t~/ --~7 o ~ ]< v-1 /m~~t¥:ffl L-t~~~(l) C C D-1} -:./~ /-l}-(7)5jJt5j;ffi"l'i~ 3 9 (7)~~~0) 
J: 5 ':::.tt{J o 1JE0-c L d ~ 0.1 t1 m, L e ~ 2.0/.1 m ~To c, .:<$:C C D-1} -:/~ /~(J)5j]tiJ:~lf~~* 
C R < -~T {J o =.:h ~ L d .to J: VL e (l){~f'i, X 1 - A p.t:l J: V x 3 C flii' [PJ C: T~ {J a 
5-5. :1:-T~j)$(7)~-
:1:-T~JJ*CQE)IJ:, A.tf-7 ;;t- 1-- /f£~ VJ (7)1:,JJX:~rf£(7);!1J-@--c-~~ 2::h, )\.tfJt~*~ A c -t {J ~, QE 
= 1 (7)~--g..(J)r,t~: Q1(A)IJ:{X:A:C'*2::ho a 
ql 
QI(l)= he (5-13) 
QE (l)YJliJJi:l:::.f:t, .:c / 7 o J- ::5' (l)tijfJJt.I-;f;v~~t.lt,JftT {J c :ttl.:, ~tetJ:W:~-1} ~ :/~ /~(:::.!ffiM 
L-'l-t-(J)r,t~ ~~+ {J a ~.I-;f,;v:¥)3-Jt~~ ffl It 'h. 7-1 /~ /-Jf(l)m..g.(l)jjl_lj~~*~~ 4 0 [23H:::.;f-;--9a 
~J!i;0qffiJ!il:ft~ 2: :hf~Jt:i:f:::.M-t {J f;t~T~ 2: :h -c v '{J ~..g., f§%f-)3-Jt~Jl : R( A-)~ *13.Jt...g.;b-tt, 
QE ~?j:z(l)J: 5 (:::.::}<~{J.:. c n~T~ {J o 
]tiJ]jt~ L- -c 3200K ~1t:~tt:W:&V$:9i-1J-;; f--7 -1 Jv::$1 : CM500 ~fflv', -t:-(7)*-TooJ:.-c-(7)~./t~~ L 
[lux] c To c, 3200K Jt(l).I-;f,;v:¥51-;ffi" : E( A-) [W/(m2 • J1 m)], CM500 (7)~~$ : F( 1 L tttJ!~·lt : 
V(A-) c L -c, {jz(l)~{}f-, .:f~ o o 
/lb 
L =Km f E(1)F(1)V(1)dA- (5_14) 
A. a 
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.:_ .:_ 1:, Km =680 lm/W, A- a =0.38 J1 m, A- b= O. 76 J1 m -c-~ {J o F( A-), V(A )IJ:~~C'~ o o E (A) t 
f§Xif~f'i~~ l:~ o a L- t~ iJi 0'l~iJ{Ijf~ L il~ ~ (5-14):A:f.: J: VJ E (A )il ~::K * {J a {ili)J, *i§%j-5j:Jt~J!ifi, [ A 
/W] (l){'j;::]L~f?f--Jt~DEf~f£: Q 2 ~fflv'"CQ 2 • R(A-)C'*2::h{J o .:. ::-"':Jt: E(A-)(7)]\.tn::::J: VJ ~-T 
f£ NR (7){~%il~:£JJX:2::ho c, NR IJ:{XJ:\:C'~2::h{J a 
! ,).2 NR =(1/q) ~·ntficellQ2 R(A-)F(i)E(l)dA- (5-15) /ll 
.:. .:. 1: Tint : Jtflt51-WI F~9, Aceu : @*ffiif.JL A 1, A- 2 : ~WJim*~IH!l: ~ {J a 
~JliO) 113 ~ 320K @* CCD (l){JiJc'l'i, {jz(l) J: 5 '.=ft {J a 7'7 /:7 (l)~tj-;A;n~ ~, 
E( 1 )=(A/ A- 5) · [exp(BI l T)-1} - 1 (5-16) 
.:.=--c:, B= h c/k = 1.4388X104[t1m·K]""C'~{J a *f~, L=6lux cToc, (5-16):A;~(5·14):A:i.:{-t 
A L-, A= 1.898X 1013 [W·nm4/m2] ~~o o .:_(l)~..g.-(7) CCD (l)f;t~f'i T. = 1130sec A = 9 6 m 
c ' 1n t ' ~ ""ce l1 · J1 
X6.3f.l m, NR =900mv/23J1V/el=3.9X104 el J:l), ~41(7)J:51-=:ft{J o A-=500nm (7)~, QE= 
1 c To c, Q 2 • R(1) = 0.4032A/W C'~ oo ~ 4 1 1-=::tov'-c, A =500nm -rf&~.: Q 2 • R (A-) = 1 AJW 
~ T 0 ~, NR = 1.97 X 105el ~ ~:liDj(l) 5 f§:f-=:ft Q k~, ~~O)Q 2 · R(.A._ )=0.2A!W C ft Q 0 ~J:.J: V), 
Q E (500nm)=0.5 ~1~0 a 
QE=(;f:f~)JOO~~) X (1 -&tf~)x(Si tp(l)®:~~) C'~2:tL, ~3 9;0~~(Si tp(7)1Qk~~) = 0. 78, *f~ 
lm 1J; l'i(l-&tt $) = 0. 9 l¥.13( t=: n~ ~, (;f:f~j) 00 ~ $) = 0. 7 c ft o o !:!~ ~ ~:(£ (J) CCD *-T --c- l'i, -y -1 7 o v 
/ ;((7)~Jt$~.1Jo~ L t~rm ~ $f:t+0~" '{~iJ)1~ ~n -cv \ 0 a 
6 . {jj;1l[J±tbf'f:: C C D 
J:.~c(J)J: J ft:ttUT~fflv'{J ,:_ c ':::.J: ~, ~Jli(l)-1 /-!l-7-1 /~C C D-1 ;A~:,;~ /~IJ: 5t1 m ~~J!i 
(l);J" 2: ft@*~ -1 ;((7) tf:' 1.:, ~~J!i ~ ft.f: / -1 ;(~)¥JJX: L f~a L- n) L- tt7J\ G.:. n G *-T-IJ:Jm1J;, ~ < (7) rWJ v' 
~Q V \fj:~(7)7lJ±iJ)jt~£,~ C: T :S o -t";hfj:{'j;:(l)~S:J 1:. J: Q 0 
( i) 7 ::t" 1-- Y-1 ;t- J-:';0)~*I[C C D-"'(7)7lwfi*'.:IJ:, ?i~~ 0 t -;; 1--/-1 ;(~~:£.2:-ttttv' 
t~~':::.:Jt~fi*~£,~ ~ L, lffi~ 15V ~J!i(l);Wjlt \~J±n:;£,~T~ :Sa 
( ii) *ift C CD (l)fi*':. l'i, {lj;Wif~¥m{~(l)f~ 6b*iiD t" / .:=. / 7'' ttlftiJ\~,~l:, :: tLI:. IJ:@~- 8V 
~.It (7)~ ~J± ~ £,~ c -t :0 0 
(iii) ~1tif~tij$C'I'i 15V~.i3((7)~v'~J± iJ'\£,~C'~:Sa -t-:hl'i7 ;;t- 1-- 1f-1 ;;t~ F1J)~*rniC CD 
.tJ J: V7K¥C CD ~:fr L--c~te$* 1:, ~1tiffi*~:lt~l:.-t {J£, ~;0:; lb VJ, fi*)JIPJf=:_IPJ;0\':) 
-c*'7 //-y Jv~{X~I=-~ < T 0£,~7,)'!l~0 ;0~ ~ C'~O a 
(iv) PT~'I:-T-/ "\' -;; -!7 tbff::[50] C'l'i, i@JJIJ~w~ £tfi{Jt1J-"'t3FI::bT {J t~ 60, 22V ~J!i(J) rWJ v \£W:~J± 
~£,~cT0 a 
C CD O);Wjfi~ C: ft.f:~J± ·fttm:Jt~tJ ~fi!filr6 it{J t~~, 5V *-~iJffil:tbfFT 0 C CD -1 ;A -:/t /-lj-
il~~~2::ht~ [5l] o .:_(7)*-T-(7)7''o -;;:7"~~~4 2 '=~To /.$:~XC'IJ:/.$:*-T(7)~-ttVf-'rl:~0, ~~j)$ 
(7) =r -r-- :/ *' / -:/' @] ll:% c , ~!R § (7)/";v 7-.lJD~ @J ll:% 1:. --J v \ -c ~ .---:: {J a 
6-1. =r -y ~ :,/ij~ /-:/'@]ff:% 
fjj;~t!J~J±;0) ~ ;Wj~J±~~1:. 2: -tt {J t~~, ~ 4 3 1=-~T=f- -y ~:;~ / 7@Jff:%n~m v \ ~:h{J [52la =. (l)@J 
ff:%l:(l)~::k§£:£~J±I'i, F~Jv7-.~}±f~~ MO SF E T(7)£tfi5Z:1J*(:.{t(ifT{J[53]f~~, /"/=f-.A;v~~M 
0 S F E T ~ ffl It' t~ a 
*@]If% (7) ~ tJ S<JJ * 77 l'i 
(6-1) 
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Q/(C 0 + C G)t=:(tf~r ~ -tt 0 .:_ c (::. J: ~ o .:. .:_ c·C 0 (i[g] 4 3 (.::}:)' t 0 ~if?G:I:, C c t:tMO SF E T 
(J)Jj- ~?Gm-c:lh0 o {1f!O) 1---Jtd:, '/-.AtJ>t-:; F v-1 :,.,; .r-..O)~-=f~1JTE( - I 0 )7J~~ L:~t::.60(::::Vi, '/-.A 
t:_ Jf- r- r7 -t ;f;vF~,O)~{ft~ ~ V 2 ,0)~.~tt .:=. c (;::: J: 0 o ~ V 2 1:tMO SF E T~fi t:. ~1m7J~1mh-'5 :ff 
~7Ja~r~,, &lf~w ~ QtJ>Gst~--c- 2: 0 o 
D. V 1 c ~ V 2ld:, Cot:. MO SF E T O)W/L ~tf:;k•J- Q .:_ c (;::: J: IJ 11 ~ < --c:--2: 0 o ~ V 1 + ~ V 2 ~~.& 
t.:> hf::. ;$J-=fffi:ijfO)cpc·:!fl+{t;Tgf::.60, C 0 cW/Lt:t~@{t;7J~£,~-c:f9:,0 o [gj4 51i~ L:;$J-Tffi:ijfl.::to~J 
~ 2 ---J0)~-6'0), ~ V 1 + ~ V 2 c I o c O)~{Jf-~7FTo Co c W/L ~-:fEO).:r:. V 7 rkJ--c·~:;k{t;T ~ ~:::. c 
(: J: 1J, I 0 = 200 ,u A c·0)~1J~71*-1i 52%~Jii1X: Lf::.o -=:.hfi~1Jt~~-c: 3mW c·m IJ, /J J. 7 ~ ;z.. 7 
A rkJ --c·ri ~t~ -c: 2: 0 fi-e: th 0 o 
[g]4 3(.::}:)1.-''"(, Jt/7ffl:7o'/7 <!> 1&tf¢ 2 tiCCDj}jf"Fc-T?~Lftv'J::.'5, lklZCCDO),~jtt.J/ 0 
;v .A c 4t@ c L, --c v' 0 o 
6-2. /~Jv .A 1JOll@lJI% 
[g) 4 6 li CMOS FE T ~ ffl v 'f::.~m/";v .A1JOll@l\I%~7FTo .:. O)@J~Ii , (1):7 7 /7"?G:I:C c c ~v10 
s 7'-~ :;;1-~ FT 3 7J•Gft0 7 7 /7"@l\I%(::J: IJ A1J~%V in 2 ~~fJliJ.r-.._:/7 ~T0~~c, (2).A-1' ·y=f-
T 1 & tf-1 :,.,; /-\- 5' T 2 , T 4 (:: J: 1J ~'th-ti:HA&% V i n 1 ~ .&~~1±-t 0 .fi~7J· G tflfiJX: ~ h --c v '0 [f>4l o 
.:_ nl= J: IJ 2 f@:O)~~O)/"Jv .A ;O> t.:> 3 {@:0)/";v .A~~~~ -tt, ~ (.: iWi v.r<;v ~ 5V 7J• G 15V f¥:J3t0) v H ""- , 
"*-f=-f~v.r<;v~ OV 7J•G- 5V f¥:J3tO)V L .r-.._~h-f:''h:/7 ~T0 o .:_0)@]\I%0)5'-1 ~ /-J.·[g)~[gj4 6(b)l.: 
7FTo 
V sub = VA - VB+ V C (6-5) 
1-r¥1Jc 1_.,--c, 
[~ftf: 1] N 4 = 1 X 10l8cm-2, N 3 = 2 X 101G cm- 2,N 2 = 1 X 1015 cm- 2,N 1 = 2 X 10 14 cm- 2, 
d 3 = 0.678,u m, d 2 =2.167 ,u m 
.!::To~, (i)jG~~z1t:~: VA = 6V, V 8 = 1V, Vc = 5V, V sub = 10V, 
(ii);;;t-/-<-7o-a~: V A= l.88V, VB = 0.5V, V c = 8.62V, V sub = lOV, 
(iii)~-y '/ ;$7 ~c·~J:V A = 7.13V, VB = OV, V C = 21.4V, V sub = 28.53V 
.!:::ft-'5o ~Pi:> 3 0 VJliv'~"'~-1' v:5'mf±il~£,~cft~o ::.hiJ: (6-4)Jt(.::tov'--c~-y v?'~I~(J:a = 0 
-c:&; 0 iP G, N 1 = 2E14 em - 2 c -fiftlJ3t-c:;V; 0:::. c tJ:;~-y v ?' '~:!±~ ~ < T 0o 
1tE--=> --c f7iJ ;tli, 
[~ftf:2] N£~0)f1€-@f!f.iii~~?IJ.t1t;L,, N 1 N 10= 3 X 1015 cm- 2 
cT0c, (ii);;;t~/-<~7o~~: VA = 1.88V, V 8 = 0.5V, Vc = l.92V, V sub = 3.29V 
(iii):/.Y '/ :$' ~ : VA = 7.13V, VB = OV, V c = 4. 76V, V sub = 11.89V 
c {if< -c:~ 0 o L,tJ~ L,ft7J~ G, 
( i )jG~~z1t;~: VA = 5.45V, VB = 2.36V, V c = 0.20V, V sub = 3.29V 
~ V ctJ~fi66-c-fif< ft IJ, £;fR1Jl!JtJ~G~z1t: L,t::. 7 ;t 1--7'·~ ;;;t- Fr-..'l:fiiJO)l=t_A7J:\~ G-'5a 
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:/-y v ?'mff~-flf< f*t_:dttJ~ G, 7 ;t t-7'~~ ;;;t- f-:'.r-.._O)mwt:t.A~1!PJ±-t0~7':t~tlf=$-t0[55]o 
N£;fj0)~-@-J'f.ffi~N 1 ~N 10 c~?ll.tft:T0 c#l~, P t:lx;vJ'f.ffitN 2~N20 c~-l.t1t:T0 c, 
~-y v 7'mfEtJ:l1zJ:\:O)J:? (.:ft0o 
qNJ NJ 
Vsub(Sh)= 2 Ki ( 1 + N ) d 32 
S E 0 4 
+ qN2 ( 1 + N2) d 22 
2KsE 0 N 10 
qN2 N2o 2N2 
+ 2 Ki ( 1 + N ) d 20 ( d 20 + Nd 2) (6-6) 
S E 0 10 20 
1 {¥1J c 1_., --c' [ ~ftf: 2 J ~~%I 1_., --c 
[~ftf:3] N 1~N 10=3X 1015cm -2, N 2~N2+ N 20, N 20 = 1X 1016cm-2, 
d 3 = 0.641J.L m, d 2= 0.791J.L m, d 20 =0.331J.L m 
cT0c, (i)jG~~;Zft;~: VA = 4.58V, V 8 = 2.13V, Vc = l.05V, V sub = 3.50V, 
(ii );;;t-/'\-7 0 -~: VA = 1.5V, VB = 0.5V, V c = 2.5V, V sub = 3.5V, 
(iii):/.y '/ 7' azy : VA = 6.47V, VB = OV, V c = 4.19V, V sub= 10.64V 
crt 0 0 ~P -t, ~ -y v ?' mff~J: 1 o v~J.t-c:m:~.- 'fl-r- iVJ 0 c #1.:, ~z~(.: t /" !J 7 7J~ 1 v .IJ.J:.:fFt£ L,, 
l±A T 0 :::. c iJ~ ~Jl: ~ h 0 o *~m~J: C CD 0)-fifmf±ft: (.:~B~)J-c: iVJ 0 o 
l&JliO)C C DC'fi, 7':/5' ;v;z..=J-;vj]} 7 ffl~~;J "~c·~OOJ;$J7J ) ;f<6/) Gh~t::.66, ®$-if-1 ;(7J~ 4 ,u m0. 
~ f;: tt--=> --c v '0 [56lo ®*-if -1' ;(7J~;J" ~ < ft ~ c, 3 ?X:JL~j]*O)f::. 66, J;;fj~ff7J\ 7 ;t ~ 5"'-1 :;t-- f-:'~7 
/:/-t ;v(.:--9-;t0~~7J ~ f~~T 0 o =.nti@$-if-1 ~-O)fftT7J:;£;fj:/-y '/ ?'~J±O)~:;k~t£ < .:. c ~g~ 
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